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A TUNED-REED COURSE INDICATOR FOR THE 4 AND 12 
COURSE AIRCRAFT RADIO RANGE 


By F. W. Dunmore 





ABSTRACT 


For the 12-course radio range system, in which three modulation frequencies 
are used, a type of reed indicator has been developed to indicate when the aircraft 
is on any one of the 12 courses, and if off, approximately how many degrees and 
whether to the right or left, and, in addition, indicates to the pilot, in case he 
becomes lost, which course he is nearest, how to turn to get on it, and which way 
he is flying on it. This is accomplished by the use of three reeds in the visual 
indicator, each reed being tuned to one of the modulation frequencies sent out by 
the radio range, namely, 65, 86.7, and 108.3 cycles. Unequal amplitudes of 
vibration of the reeds indicate the plane is off the course to the side of the reed 
having the greatest amplitude. A simple shutter with windows, in front of the 
vibrating reeds, exposes any two ata time. The correct two for a given course is 
determined by a color system which is exposed by the window to correspond to 
the color of the particular radio range route marked on the map. A second shut- 
ter and color system is provided so that the rule, “Longest reed indicates side 
off course,’”’ may be made to hold regardless of the course being flown or the 
direction of flight. 

The 4-course indicator is the same as the 2-course indicator with the exception 
of a shutter and color system on its face to adapt it to any one of the four courses. 

A pilot using these indicators may hold a plane in a given radio range course 
with an accuracy of approximately +1°. 
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I, INTRODUCTION 


The tuned-reed type of visual indicator is used to give a pilot a 
visual indication as to whether or not he is flying on a specified double- 
modulation radio range course, and, if not, to which side and how much 
he has deviated. The indication is given continuously by two vibrat- 
ing reeds, the relative amplitudes of which indicate the position of the 
airplane with respect to the radio-range course. In order to observe 
the reed vibration, each reed carries a white tab on its free end. 
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These two tabs produce two adjacent white lines when the reeds 
vibrate. It is the relative length of these two lines which the pilot 
observes. Each reed is tuned to one of the frequencies of modulation 
used at the radio range. The course is a zone in space where the 
strengths of the radio-range modulation frequencies are equal, each 
zone being indicated to the pilot by equality of amplitude of vibration 
of the two reeds. A deviation from the course is indicated by an 
increase in that reed amplitude on the side to which the airplane has 
deviated, and an equivalent decrease in the other reed amplitude. 

A tuned-reed indicator designated as type F for the double-modula- 
tion (2-course) radio range has been described in a previous issue of 
this publication.' There has recently been developed a 12-course 
radio range system * in which three modulation frequencies are used 
and which gives 12 courses spaced about 30° apart. This requires a 
tuned-reed indicator useful on any one of the 12 courses. This paper 
describes such an indicator, which when used in conjunction with this 
radio range serves to give a pilot the following information: (a) 
Indicates when he is on any of the 12 courses; (b) indicates when off 
the course and approximately by how many degrees and whether to 
the right or left, and (c) indicates in case he becomes lost (which is 
hardly possible when using the radio range), which course he is nearest, 
how to turn to get to it, and which way he is flying on it; that is, 
whether ‘‘to” or “from” the radio range. 

A 4-course indicator which was designed to meet the requirements 
of the 4-course radio range, which uses two modulation frequencies 
but produces four courses which may be oriented at will, is also 
described in this paper.* These requirements, while not as difficult 
to meet as those of. the 12-course radio range, did necessitate, however, 
the use of new features on the face of the 2-course reed box in order to 
adapt it to any one of the four courses. 


Il. THE 12-COURSE REED INDICATOR 
1, DETAILS OF DESIGN 


(a) Reeds and driving elements.—This indicator, shown in Figures 
2, 4, 5, 6, and 7, contains three reeds tuned to frequencies of 86.7, 
108.3, and 65 cycles, respectively, the three frequencies of modulation 
used at the radio range. These reeds are made of elinvar, which 
makes their natural period of vibration independent of temperature. 
Steel reeds may be used, in which case a weighted bimetallic com- 
pensation strip should be fastened to their freeend. This strip, when 
bending because of a temperature change, moves the weight on its 
end a sufficient amount to change the tuning of the reed by an amount 
which compensates for the change in its tuning due to the effect of 
temperature on its elastic constant. Each reed is polarized by a set 
of permanent magnets, 7’ and U (fig. 4), common to all reeds. J is 
a soft iron yoke connecting two like poles of the magnets. Each reed 
has a separate set of driving electromagnets, C, similar to those used 
in telephone receivers, the windings of which are all connected in 
series in the proper polarity to operate the polarized reeds. The 





1F, W. Dunmore, Design of Tuned-Reed Course Indicators for Aircraft Radiobeacon, B. 8. Jour. 
Research, 1, pp. 751-769; November, 1928. Reprinted as Research Paper No. 28. , 

2H. Diamond and F. G. Kear, A 12-Course Radio Range for Guiding Aircraft With Tuned-Reed Visual 
Indication, B. 8. Jour. Research, 4, p. 351; March, 1930. Reprint as Research Paper No. 154. 

3’ H. Diamond, Applying the Visual Double-Modulation Type Radio Range to the Airways, B. 8. Jour. 


Research, 4, p, 265; February, 1930, Reprint as Research Paper No, 148. 
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Ficure 1.—Face of 12-course reed indicator showing shutters removed to expose 
color system, and whitened tabs attached to the reeds 
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Figure 2.—Tuned-reed course indicator for use on any course of the 
12-course aircraft radio range 
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Fiaure 3.—The 12-course radio range transmission characteristic 


The colors indicate courses where the two modulation frequencies ere of equal strength and the reeds 
tuned to these frequencies vibrate with equal amplitude. 
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DESCRIPTION 





The indicator contains three reeds 
tuned to the three modulation frequencies 
used at the beacon. Whitened reed tips, 
when reeds are vibrating, due to beacon 
signal, produce adjacent vertical white 
lines. The proper set of two adjacent lines 
to be observed for a given course is de- 
termined by shutter A, which, when 
adjusted to show the proper color, exposes 
the correct two lines. Equal lengths of 
these lines indicate airplane is on beacon 
course. Unequal lengths indicate airplane 
is off course to side of line having the 
greatest amplitude. This rule — longest 
line shows side off course—is made to 
hold for all courses and directions of 
flight by exposing the proper color with 
shutter B. 


The radiobeacon courses on the air- 
ways strip map imay be colored to cor- 
respond to colors shown in Figure 3, 
depending on the two frequencies of 
modulation used on a given course. 


To use the reed indicator shown in 
Figures 1 and 2 for flying on any given 
course: 


1. Set shutters A and B to show the 
color, according to the map, of 
the airway to be flown. 

2. Rotate reed box in its holder to 
show “FROM” or ‘‘TO”’ right 
side up depending upon whether 
the direction of flight is from or 
to the radio range. 


3. Longest line shows side off course: 
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A 12-Course Reed Indicator 
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terminals of these electromagnets are connected to the output of the 
radio-range receiving set. The housing, W, contains a lamp for 
illuminating the reeds; V is a bumper to hold the reed vibration within 
bounds; A and 8B are shutters over the reeds and color system. 
Figure 5 is a plan view of a portion of Figure 4. 

For each course the vibration of adjacent reeds must be observed. 
The 108.3-cycle reed is placed between the 86.7 and 65 cycle reeds. 
For one set of courses, therefore, in order to observe the 86.7-cycle 
reed adjacent to the 65-cycle reed, a light arm extension, K (fig. 5), 
is fastened to the free end of the 65-cycle reed. This arm carries a 
white tab, LZ, on the further end, which tab vibrates adjacent to the 
tab, O, on the upturned front end of the damper, H, on the 86.7-cycle 
reed. The other two air dampers, J and J, also have upturned 
whitened ends or tabs, as shown at N and M. L OWN Mis an end 
view of the reeds or tabs as the pilot would see them with the shutter 
removed. There are three sets of reed combinations which go to 
make up the 12-course indications. For one set of courses, tabs 
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Fiaurs 5.—Plan view of 12-course indicator showing reeds, damp- 
ers, extension arm on 65-cycle reed, and whitened tabs 


M and N are observed; for another, tabs N and QO; for a third, tabs 
Oand L. As previously stated, tabs Z and M both vibrate with the 
65-cycle reed, G. 

(b) Shutter and color system.—Since it is necessary to observe any 
two adjacent whitened tabs on the reeds for a given course, without 
seeing the others, a shutter, A (figs. 1 and 4), with a window, is pro- 
vided. This window may be moved to expose any two adjacent 
tabs depending on what radio-range course is to be flown. This same 
window also exposes two different colors at each setting in order to 
facilitate the choice of the proper two reeds for a given course. 

Another shutter, B, is provided with a color system to simplify the 
operation of the indicator in connection with its use when flying 
“to” or “‘from” the radio range. The use of both of these shutters 
will be explained in more detail under Application of Reed Indicator 
to the 12-Course Radio Range. 

(c) Cylindrical type of indicator and shock-proof mounting.—Since it 
is not necessary to plug in different indicators for different radio- 
range courses with the 12-course indicator, the one indicator serving 
all courses, this instrument and mounting may be made more in 
keeping with the rest of the aircraft instruments. A cylindrical shape 
for the indicator and mounting, as shown in Figures 2, 6, and 7 may, 
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Figure 6.—Rear inside view of tuned reed 12-course indicator shown in 
Figure 2 
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therefore, be adopted. The reed unit shown in Figure 6 is designed 
to rotate within the inner cylinder shown in Figure 7, this cylinder 
being held within an outer cylinder by means of eight springs. This 
outer cylinder is fastened to the instrument board. The spring 
mounting is necessary to prevent the mechanical vibration from the 
airplane from operating the reeds at certain engine speeds. Slip 
rings shown in Figure 6, on the rear of the indicator and brushes on 
the rear of the inner cylinder, serve to carry the current for operating 
the reeds and the light for illuminating them. 

To show the words ‘‘To”’ and ‘“‘From” on the indicator the proper 
side up, the reed unit shown in Figure 6, is turned through 180° by 
revolving it in its mounting. A covering with a glass window is 
placed over the reeds, shutter, and color system, to protect them from! 
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VOLTAGE. ACROSS TERMINALS OF REED INDICATOR 
Fiaure 8.—Voltage required to operate the reeds on the 12-course indicator 


the dirt and rain. Two knobs extending through this cover provide 
means for operating the shutters. A front view of the instrument, 
as seen by the pilot, is shown in Figure 2. The indicator and mounting 
shown in Figures 2, 6, and 7 weighs about 1% pounds. Itis 3% inches 
in diameter and 5 inches long. 


2. OPERATING CHARACTERISTICS 


(a) Sensitivity—The three reeds are adjusted to be equisensitive 
by changing the air gap between the electromagnet pole pieces for 
each reed. Figure 8 shows the reed deflections in millimeters, as 
seen by an observer, plotted against the voltage applied to the termi- 
nals of the reed indicator. At the amplitudes of vibration normally 
used, that is, 4 to 9 mm, it will be noted that essentially a straight- 
line relation exists between the deflection and applied voltage, which 
is quite necessary in order to prevent any apparent shift in course 
with adjustment of volume control on the receiving set operating the 
reeds. At the normal deflection of 8 mm the current in the driving 
coils is 1.4 ma. This sensitivity has been obtained by means of a 
switch F (fig. 4) operated by shutter A, which short-circuits the two 
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driving coils for whichever reed is not in use. Additional sensitivity 
may be obtained over that shown in Figure 8 by the use of a large 
l-piece permanent magnet. 

(6) Selectivity —Like the 2-course indicator the reeds in the 12- 
course indicator are insensitive to any frequency other than their 
natural frequency. This is a very valuable feature, since it practi- 
cally eliminates the effects of interfering signals unless these signals 
are of such a very severe nature as to block the tubes in the receiving 
set, or unless they are very near the same frequency to which the reeds 
are tuned. This interference may come from many sources, such, 





FREQUENCY CYCLES PER SECOND 





Figure 9.—Resonance curves for the three reeds in the 12-course indicator, 
showing effect of correctly proportioning the damping to keep reed ampli- 
tudes the same, relatively, as frequency changes 


for example, as engine ignition and atmospheric disturbances, marine 
beacon signals, and radio range signals of the aural type. In many 
cases it was found that where the radiotelephone signals were coming 
in stronger than the aural radio range signals the latter were entirely 
unintelligible on account of interference, while under the same con- 
ditions the reeds functioned satisfactorily. 

(c) Effect of damping the reeds.—Light aluminum air dampers, -J/, 
H, I (fig. 5), are placed on the end of each reed in order to broaden 
the tuning, to prevent any appreciable change in reed amplitude 
should the modulation frequency shift by as much as 0.3 per cent. 
The damping is so proportioned that the relative reed amplitude will 
not change appreciably even though the frequency varies by as much 
as 0.5 per cent. The resonance curves for the three reeds are shown 
in Figure 9. Since the three frequencies of modulation at the radio 
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range are obtained from three generators with 6, 8, and 10 poles with 
shafts directly connected, the three frequencies must vary in this 
fixed ratio so that, if, for example, a 0.3-cycle variation occurs in the 
65-cycle frequency, a 0.4-cycle variation will occur in the 86.7-cycle 
frequency, and a 0.5-cycle variation will occur in the 108.3-cycle fre- 
quency. From the curves in Figure 9 it will be seen that for such 
a variation in each frequency the reeds will all drop in amplitude 
approximately the same amount, that is,1.8mm. Since the relative 
amplitudes of the reeds do not change, an apparent shift in the course 
is therefore not obtained. 
Since the data for the curves shown in Figure 9 were obtained 
means have become available for holding the modulation frequencies 
to the correct values with greater accuracy, so that it is possible to 
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Ficure 10.—Radio range transmission characteristic and face of reed indi- 
cator, showing necessity for turning the unit upside down when reversing the 
direction of flight 


use less damping on the reeds. This not only increases their sensi- 
tivity but also their selectivity, making them even less subject to 
interfering signals of frequencies near that to which they are tuned. 


3. APPLICATION OF THE REED INDICATOR TO THE 12 COURSES 


One of the features which simplifies the use of the 2-course reed 
indicator is the one simple rule which the pilot must remember; 
that is, ‘Longest reed shows side off course.” For example, if the 
right-hand reed vibrates with greater amplitude than the left-hand 
reed, the plane has drifted off the course to the right. In order that 
this rule will hold regardless of the direction of flight, the reed box 
is used as follows: 

_ Referring to Figure 10, which shows a typical radiation character- 
istic of the double modulation radio range and also the front of the 
2-course reed box, when the pilot is on the course flying in a certain 
direction, say toward the radio range located at O, along the line DO, 
the zone of greatest 65-cycle modulation is on his right and the zone 
of greatest 86.7-cycle modulation on his left. en drifting off 
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the course to the right, therefore, the 65-cycle reed would vibrate with 
greater amplitude. This reed should, therefore, be on the pilot’s 
right, since the one rule should hold, ‘“‘Longest reed shows side off 
course.’”’ The words “To” and ‘‘From” are so engraved on the 
face of the reed box as shown, that, when the word “To” is right 
side up, the 65-cycle reed is on the pilot’s right. Should the pilot 
make a 180° turn and fly from the radio range, the location of the 
zones of greatest 65 and 86.7 cycle modulation reverses with respect 
to his right and left. This is also true if he passes over the radio 
range and flies from it along the line OC. It is therefore necessary 
to turn the reed box upside down; that is, so the word ‘‘From”’ is 
right side up. This reverses the reed locations and places the 86.7- 
cycle reed on his right, in accordance with the reversal of the zones of 
modulation with respect to the pilot’s right and left. 

With the 12-course indicator the problem of maintaining this 
simple rule becomes more difficult, as will be seen by Figure 3, which 
shows the distribution of the modulation frequencies used at the 
radio range for the different courses. The three figures-of-eight show 
the radiation characteristics of the 12-course radio range for each of 
the three frequencies of modulation. The colors indicate the courses 
or zones where two of the frequencies of modulation are present in 
equal amounts. This color combination was chosen to match the 
color system on the face of the reed box in order to simplify the opera- 
tion of the reed indicator, as shown in Figure 1, where two colors 
appear for each setting of a window A, and three colors for each setting 
of window B. The pilot’s map has the radio range courses in color 
so if he wishes to fly on a red radio range course, as shown by the map, 
the shutter A on the face of the reed indicator is set to show red 
through part of the window. This exposes the 65 and 86.7 cycle 
reeds which, from Figure 3, are the two frequencies of modulation 
used on the red radio range course. A black course could also be 
flown with this same shutter setting. It will be noted when flying 
on a black course from the radio range (it being located at the inter- 
section of all lines) that the 86.7-cycle signal is on the pilot’s left, 
while it is on his right when flying from the radio range on the red 
airway. This reversal is true of all the 90° courses and upsets the 
fundamental rule for using the reed indicator; that is, ‘‘Longest reed 
indicates side off course.’”’ To overcome this, a second shutter, B, 
and color scheme (fig. 1) are provided on the face of the indicator. 
This shutter reverses the ‘‘To”’ and “From,” as shown, to compensate 
for the reversal of the location of the frequencies of modulation with 
respect to the pilot’s right and left on the 90° courses. The shutter 
system operates as follows: The pilot observes on his map the color 
of the radio range airway course he desires to fly and which way he 
desires to fly on it; that is, whether “to” or “from” the radio range. 
If he chooses a red course, he sets both shutter A and B to show red. 
This exposes the 65 and 86.7 cycle reeds, which are the correct ones 
for the red course, as shown on Figure 3. The lower shutter exposes 
the words “From” and “To,” one of which is upside down. If he 
desires to fly ‘‘from”’ the radio range, he rotates the indicator unit 
in its mounting so the word ‘‘From”’ is right side up (when the red 
is exposed by both shutters). This puts the 86.7-cycle reed on his 
right and the 65-cycle reed on his left. From a glance at Figure 3, 
on the red course, it will be noted that the 86.7-cycle modulation 1s 
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on the pilot’s right when flying “from” the radio range, the 65-cycle 
on his left, so the rule will hold, since if he turns to the right the 
86.7-cycle signal will become stronger and the 65-cycle signal weaker; 
therefore, the 86.7-cycle reed indication will appear longer and the 
65-cycle reed indication will appear shorter. A similar test may be 
made, using Figures 1 and 3, on any one of the 12 courses, and it will 
always be found, if the reed box is rotated to have the correct side 
up, that the longest reed will always indicate the side off course. 

The pilot’s instructions for operating the indicator may be con- 
densed to the following: 

1. Set both shutters to show the color, according to the map, of the 
airway to be flown. 

2. Turn reed box to show “‘From”’ or ‘‘To” right side up, depend- 
ing upon whether the desired direction of flight is from or to the radio 
range. 

3 Longest reed indicates side off course. 

A further application of this type of reed indicator is its use by a 
pilot when lost in fog, to guide him in the right direction to the 
nearest radio range. There are many instances when a pilot navigat- 
ing by magnetic compass in fog without radio-range facilities has been 
completely lost. With the 12-course reed indicator used in conjunc- 
tion with the 12-course type of radio range, a pilot should have no 
occasion to become lost; but if he should, it is a rather simple matter 
for him to ‘‘find himself”’; that is, he is able to get on a radio range 
course and determine definitely which way he is flying along that 
course. 

This feature is made possible by the fact, as will be seen from 
Figure 3, that the courses alternate in their relative signal strength; 
that is, there are six courses of given signal strength and six more 
between these of 58 per cent of the signal strength. The amplitudes 
of vibration of the three reeds for each course are shown opposite each 
course in Figure 3. A pilot, therefore, if lost, may make use of his 
third reed to determine what course he is on, in the following manner: 
First, he moves shutter A (fig. 1) and finds the two adjacent reeds 
which are nearest equal, and navigates until they are equal. This 
places the airplane on one of four courses, say, either of the two red 
or black courses, since from Figure 3 it will be seen that a given course, 
its 180° course, and the two 90° courses have the same modulation 
frequencies, which would cause the same two reeds to vibrate. Two 
of the courses may be eliminated by observing the third reed; that is, 
the reed adjacent to the two equal reeds. [f this reed is vibrating 
with greater amplitude than the two equal reeds, then, as seen from 
Figure 3, the airplane is on one of the black courses, since the 108.3- 
cycle signal is nearly twice the 86.7 and 65-cycle signal operating the 
two equal reeds. Should the airplane have been on a red course, the 
third reed would have had zero amplitude. Having determined that 
the airplane is on one of the black courses, the shutters A and B (fig. 1) 
are set to show black. ‘There still remains the ambiguity as to which 
of the black courses the airplane is on, and as to the direction of flight. 
Assume the black courses extend in a north and south direction as 
shown in Figure 11. The airplane is flown by means of the magnet 
compass in one of these directions, say, north, and flown off course 
to the right. The reed box is turned in its mounting so that the 
right-hand reed is longest when off course to the right. If the word 
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‘“‘From”’ exposed by shutter B is right side up, the airplane is flying 
north from the radio range on the northern bhick route OD. It can 
not fly north to the radio range along this line. If the word ‘‘To” 
exposed by shutter B is right side up, the airplane is flying north to 
the radio range on the southern black route OC. It can not fly 
north from the radio range along this line. Thus a pilot may defi- 
nitely establish his location with respect to the radio range. The 
above system of procedure may be condensed into a few simple rules 
for the pilot to follow without any technical knowledge on his part 
of the radio range system. These rules, which a pilot should seldom 
find necessary to use, are as follows: 

1. Move shutter A to show the two reeds of nearest equal amplitude 
and navigate airplane until they are equal. 

2. Note amplitude of reed adjacent to the two equal reeds. 
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Ficgure 11.—Chart showing method of determining the direc- 
tion of flight relative to the radio range when such direction 
is unknown 


3. If amplitude of this reed is greater than that of the two equal 
reeds, set shutter B to show black, green, and brown; if less, set it to 
show red, yellow, and blue. 

4. Then the common color exposed by both shutters is the course 
being flown. 

5. Note the directions of this course on the map and fly according 
to the magnetic compass in one of these directions, deviating to the 
right until the equal reeds become unequal. 

6. Turn reed box so that the longest reed is on the right; then, 
whichever of the words ‘‘To”’ or ‘‘From”’ is right side up indicates 
the general direction of flight relative to the radio range, and the 
magnetic compass indicates the absolute direction. 

A single 12-course indicator may be used on any number of 12- 
course radio ranges, since neighboring radio ranges operate on the 
same modulation frequencies, but on a slightly different carrier fre- 
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quency. A change in tuning of the receiving set, therefore, is all 
that is necessary to cause the indicator to operate from signals from 
another radio range. This tuning should be done when the plane 
reaches a point approximately midway between the two radio ranges 
being used. The courses of two neighboring radio ranges are oriented 
where possible so that courses with the same modulation frequencies 
will be in a straight line. In this case the reed box need only be 
turned upside down to show “To” instead of “‘From” at the mid- 
point between the two radio ranges when the receiving set is tuned 
to the radio range being approached. 

The 12-course reed indicator gives a continuous indication to the 
pilot as to the position of his airplane with respect to the radio range 
course. This feature is of great advantage when used to guide an 
object moving as fast as a modern airplane. This is especially true 
when approaching a radio range located on a landing field. As the 
airplane nears the radio range, any slight movement of the airplane 
from one side to the other is immediately noticed with only a glance 
at the reeds. In fact, when over the field the indication is sharp 
enough so that a pilot is able to keep the airplane within the width 
of the average runway if the course is oriented down the center of it. 


Ill. THE 4-COURSE REED INDICATOR 
1. DETAILS OF DESIGN 


(a) Reeds and driving elements ——These features of the 4-course 
indicator are identical to those of the type F 2-course indicator 
referred to in the introduction. 

(b) Shutter and color system.—It is the addition of a shutter with 
a color system that changes the 2-course indicator to the 4-course 
indicator. This shutter is the same as shutter B (figs. 1 and 4), except 
only two colors are used, one for each position of the shutter. Shutter 
A and its color system are not used, as there are but two reeds in 
this indicator. Figure 12 shows the indicator with mounting. 

(c) Shock-proof mounting—Since it is necessary to plug in a 
different indicator of this type, if radio range courses using different 
modulation frequencies are to be used, the shock-proof mounting is 
made the same as that used with the type F, 2-course indicator. 


2. APPLICATION OF THE REED — TO THE 4-COURSE RADIO 
RANGE 


A typical radiation characteristic for the 4-course radio range and 
the face of the 4-course reed box with shutter B are shown in Figure 
13. The purpose of this shutter is the same as the similar shutter 
used on the 12-course reed box; that is, it reverses the ‘‘To” and 
‘‘From,’’ so the rule, ‘‘ Longest reed shows side off course,”’ will hold, 
regardless of the course being flown and direction of flight. In 
other words, it compensates for the reversal of the location of the 
frequencies of modulation with respect to the pilot’s right and left 
on the 90° courses. 

To adjust the reed box for use on a given course the pilot merely 
sets the shutter to show the color of the radio range course he is to 
fly as shown on his map, and plugs the indicator into its holder the 
proper side up to show the “‘To” or ‘‘From”’ right side up, depending 
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upon whether he is flying ‘“‘to” or ‘‘from” the radio range. Ip 
Figure 13 the shutter is set for a black airway, and the reed box is 
in a position for flying ‘‘from”’ the radio range. 


3. APPLICATION OF 4-COURSE opel ne TO THE 12-COURSE RADIO 
RAN 


Aside from its use with the 4-course radio range, the 4-course red 
indicator may be used with the 12-course radio range. For example, 
the 4-course indicator described above with 65 and 86.7 cycle reeds 
may be used on the two black and two red courses of the 12-course 
radio range. With the two reeds in the 4-course indicator tuned to 
65 and 108.3 cycles and a brown and blue color scheme used on its 
face, this indicator may be used on the two brown and two blue 
courses of the 12-course radio range. When the reeds are tuned to 
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Figure 13.—The 4-course radio range transmission characteristic and 
face of reed indicator for use on any one of the four courses 


108.3 and 86.7 cycles and the colors green and yellow used, the re- 
maining courses of the 12-course radio range may be utilized. 

Thus a pilot chooses the reed box having the same color as the 
radio range course to be flown and uses it for flights on those courses. 

In some instances, therefore, when an airplane flying on a 12-course 
radio range is used on a fixed route, as is often the case with mail 
airplanes, a 4-course reed box may be used in place of the 12-course 
indicator. 

The 4-course indicator plugs into its mounting so that another 
may be quickly substituted for use on another set of four courses. 
Thus three 4-course reed boxes may be used in place of one 12- 
course reed box in case of necessity. 

With a 4-course indicator with reed-driving coils shunted by a 
potentiometer which changes the relative sensitivity of the two 
reeds, a single radio range course may be made effective over an angle 
of 30° or more; that is, a course may be flown with equal reed deflec- 
tions along any line making an angle of up to 15° on either side of 
the true course, 
























te 
i 
i 





MBER. SRY 


ise 


A ANB sont hi RS 








B. S. Journal of Research, RP160 














KEEP’ REED 
AMPLITUDE 
WITHIN WHITE LINES 


4) 
On 








Figure 12.—The 4-course tuned reed indicator and shock- 


proof mounting 

















Figure 15. 


The deviometer or course-shifting de- 


vice used with the reed indicator to enable a pilot 


to fly off the course with equal reed deflections 
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In this way of using three 4-course indicators with shunting poten- 
tiometer the 12-course radio range becomes effective over practically 
the full 360°, that is, a course may be held with equal reed defiec- 
tions at any angle of flight toward or away from the radio range. 

A 10,000-ohm potentiometer is connected to the reed-driving coils, 
U, V, W, and X, of the 4-course indicator, as shown in Figure 14. 
A front view of this course deviometer with uncalibrated scales is 
shown in Figure 15. 

As the direction of movement of the sliding contact on the poten- 
tiometer reverses for the 90° courses, a color system with a double 
pointer is again used. In 
this way the pointer which is 
over the correct color scale REED JNDICATOR 
is moved to the right or left, af DRIVING COILS 
depending upon which side 
of the course the pilot de- 
sires to fly. The scales may 
be calibrated approximately 
in degrees deviation from 
the course. When calibrated 
for the 12-course radio range, 
the lower scale is calibrated 
for the black, brown, and 
green — while the L SCALES. is 
upper scale is calibrated for CALIBRATED APPROX- 
rag yellow, blue, pone ko 10. a Baap amgnagy 

Es om DEVIATION FROM THE. 
courses. (See fig. 3.) COURSE. 

The deviometer may be mee 
used with the 12-course indi- 
cator, in which case shutter 
A (fig. 1) may be made to 10,000 OHMS 
operate a second switch, 
connecting the moving con- 
tact of the deviometer to the 
center connection between —-t9 pecenyNo SET 


eaponaclg ee — Figure 14.—Circuit diagram for the deviom- 
In circuit or the particular eter or course-shifting device for use with the 
sitting of shutter A. 2 or 4 course tuned-reed indicators 


IV. CONCLUSION 


The 12-course reed indicator described herein contains three reeds 
tuned to the three frequencies of modulation used in a 12-course radio 
range. It has been so designed as to permit the guiding of an airplane 
along any one of the 12 courses without confusion. 

The relative amplitude of vibration of any two adjacent reeds 
indicates continuously the position of the airplane with respect to a 
given course. Equal amplitudes of vibration indicate that the air- 
plane is on the course. Unequal amplitudes of vibration of the reeds 
indicate that the airplane is off the course to the side of the reed 
having the greater amplitude. A simple shutter with windows, in 
front of the vibrating reeds, exposes any two at a time. The correct 
two for a given course is determined by a color system which is ex- 
posed by the window to correspond to the color of the particular radio 
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range route marked on the map. A second shutter and color system 
is provided so that the rule, “‘ Longest reed indicates side off course,” 
may be made to hold regardless of the course being flown or the direc- 
tion of flight. 

The 4-course indicator is the same as the 2-course indicator with the 
exception of a shutter and color system on its face to adapt it to any 
one of the four courses. The 4-course indicator may be used on the 
12-course radio range, three such indicators being necessary to cover 
all 12 courses, each indicator having reeds tuned to match the fre- 
quency of modulation of the different courses. 

A pilot using these indicators may hold an airplane in a given radio 
range course with an accuracy of approximately +1°. By changing 
the relative sensitivity of the reeds with shunt resistances, a given 
radio range course may be made effective over an angle of 30°, thus 
greatly increasing the service area of the radio range. 

The 12-course indicator and mounting weighs about 1% pounds and 
is 3% inches in diameter and 5 inches long. The 4-course indicator 
and mounting weighs about 1% pounds al is 3% by 2% by 4% inches. 

The author is indebted to H. Diamond for helpful suggestions in 
connection with the design of these indicators ond to R. R Gessford 
for constructing the indicator models and for suggestions pertaining 
to their mechanical design. 


WasHINGTON, October 4, 1929. 
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PHYSICAL PROPERTIES OF ELECTRICALLY 
WELDED STEEL TUBING 


By H. L. Whittemore, J. S. Adelson,’ and E. O. Seaquist 


ABSTRACT 


This investigation was made for the purpose of determining the physical 
properties of tubing made from sheet steel in which the longitudinal seam was 
welded under pressure by the electrical-resistance method. 

Tubes ranging in outside diameter from five-eighth inch to 3 inches and 
in wall thickness from 0.028 to 0.120 inch, inclusive, were tested in numerous 
ways to show the strength of the tube and the strength of the weld. 

With a variation of cold working a wide range of strengths were obtained 
without appreciable change in the carbon content of the steel. Most of the 
tubes were made from mild steel containing about 0.08 per cent carbon, and a 
few were made from steel containing about 0.25 per cent carbon. 

The average tensile strength of the tubes in full section varied from 54,000 
Ibs./in.2 for the as-welded tubes to 74,000 lbs./in.2 for the hard-rolled tubes, 
and the compressive strengths in the axial crushing test of specimens 2)4 inches 
long were practically the same. 

The welds were tested in (1) the hydrostatic test, (2) the tensile test of the 
welds in circumferential strips, (3) the torsion test, and (4) the axial crushing test. 

In the hydrostatic test, excepting the annealed tubes, only 1 of the 30 speci- 
mens fractured in the weld, but this at a high bursting strength. Only one of 
the six annealed specimens fractured outside of the weld. This showed that the 
annealing process reduced the strength of the weld about 10 per cent below 
that of the base metal. 

In the tensile test of the welds in circumferential strips of 2-inch tubes the 
longitudinal tensile strength was reached with no fractures in the welds except 
the annealed tubes. The strength of the weld of the annealed specimens was 
about 93 per cent of the strength of the base metal as determined by testing 
strips with the weld outside of the reduced section. 

In the torsion test none of the tubes showed any fracture in the weld or in 
the base metal when the twisting was continued after the ultimate torque was 
reached. The average shearing stress in the extreme fiber at the proportional 
limit was, for swaged tubes, 22,610 lbs./in.2, for rolled tubes 22,190 Ibs./in.?, 
and for hard-rolled tubes 30,310 lbs./in.?. 

In the axial crushing test the weld was shown to have the strength and ductility 
to fold evenly with the base metal. There were a few exceptions in which 
cracks showed at the weld in the outer edges of the folds. 

Except in the case of swaged-annealed tubing, the properties of the base 
metal (the metal not affected by the welding operation) can be used in determining 
the working stresses for different structural uses of tubing made by the process 
used in the manufacture of this electrically welded tubing, no allowance being 
necessary for the altered structure in and adjacent to the weld. The properties 
at and near the weld for annealed tubing are sometimes slightly lower than the 
properties for the base metal, 
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I. INTRODUCTION 


| ON ER SO 


OM HEU GNOME 


For many of our industrial processes tubes and pipes are used to 
convey liquids and gases. They are used in large quantities for the 
distribution of water and gas in our cities, and for pipe lines across the 
country to bring oil and gas to manufacturing and shipping centers. 
Tubing is used in many industrial applications where high pressures 
are applied externally as well as internally. In department stores 
tubing is used for pneumatic-conveyor systems and in factories for 
the rollers in roller conveyors. It is used for conduit for electric 
wiring. In automobiles it 1s used for driving shafts, steering columns, 
water manifolds, and exhaust pipes. 

From a theoretical standpoint there are, in many cases, advantages 
in using tubes as structural members and as parts of machines instead 
of using other cross sections. In the past, however, the high cost of 
tubing has limited its use, frequently making it more economical to 
use rolled sections having greater weight. 

If the member is subjected to tensile stresses only, the cross- 
sectional area and, therefore, the weight are the same whether it is 
solid or tubular. For some conditions the tubular member is to be 
preferred because it is less likely to vibrate. 

If the member is subjected to compressive stresses, as in a strut 
or column, a tubular member is efficient because for a given cross- 
sectional area the moment of inertia of a circular tube 1s the same 
about all centroidal axes, and it is relatively high. 

When long columns fabricated from rolled shapes fail, they often 
fail by twisting if the torsional rigidity is low. Tubular columns, 
which have a relatively higher torsional rigidity than any other 
commercial form, probably never fail by twisting. 

If the member is subjected to transverse loads, as in a beam, a 
comparison of the strengths of tubular and other ‘sections can only 
be made after the section moduli have been computed. In general, 
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higher section moduli and moments of inertia can be realized prac- 
tically with tubes than with rolled sections except when a large differ- 
ence is desired in two different planes, as in a narrow I beam. 

When subjected to twisting couples, as in shafts for the trans- 
mission of power, a tube is stronger for the same weight than a solid 
cylindrical shaft or other cross section. 

‘If the member in service is accidentally subjected to unexpected 
local forces, tubes will in many cases prove more satisfactory than 
structural shapes, because tubes have no unsupported flanges to be 
damaged. 

Steel tubing is used almost exclusively to form the fuselage struc- 
tures of airplanes. This is an example of a structure designed to 
obtain the greatest strength for a given weight. 

In the past it has been difficult and expensive to join tubular mem- 
bers of a structure by rivets or fittings, but during the past few years 
fusion welding has come into extensive use for fabricating structures 
and machines. 

It is believed that tubes can be welded more satisfactorily than 
rolled shapes because the wall of the tube is somewhat thinner, the 
thickness 1s more nearly the same for all members, and the surface of 
tubes is convex.’ 

In the past, tubing of the desired material and dimensions has not 
always been available commercially, or if available, the price has 
been prohibitive. As the cost of tubing decreases, due to improve- 
ments in the method of manufacture, the use of tubes for the members 
of small machines and light structures should increase. 

That structures fabricated from tubes having welded longitudinal 
seams possess the advantages which have been outlined is shown by 
tests recently made in Germany ° of towers for electrical transmission 
lines. 

These specimens consisted of four vertical members connected by 
diagonal lattices. Some were fabricated from steel tubes having 
welded longitudinal seams, the connections being made by oxyacety- 
lene welding. Other specimens of the same dimensions were 
fabricated from rolled angles, the connections being made by riveting. 

The specimens were 6 m (19.68 feet) and 12 m (39.37 feet) high. 
The base was anchored to a foundation and the horizontal! force at the 
top increased until the tower failed. 

The efficiency of the towers at maximum load computed on the 
weight of the towers was, for the 6 m towers, angle-iron tower 1, 
tubular tower 2.07, and for the 12 m towers, angle-iron tower 1, 
tubular tower 1.66. 

The report concludes that thin tubes having a welded longitudinal 
seam, which is comparatively cheap, can be used successfully instead 
of rolled sections. 

Tubular towers are especially desirable if freight rates are high or 
if the pressure on the soil must be low. 

Tubular towers offer less wind resistance and have a better appear- 
ance than towers fabricated from rolled sections or reinforced concrete. 


“Strength of Welded Joints in Tubular Members for Aircraft’’ will be published at ” early date as a 
Technteal Note of the National adage | Committee for Aeronautics, Washington, D. 

*A. Hilpert and O. Bondy, Berlin-Charlottenburg. Zeitschrift des Vereines ae Ingenieure, 
73, No. 24, p. 805; June 15, 1929, 
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II. PURPOSE OF THE INVESTIGATION 


Tubes made from sheet or strip steel, with the longitudinal seam 
electrically welded, are being used commercially. As there is little 
information on the strength and other properties of these tubes, the 
Bureau of Standards, in cooperation with Steel & Tubes (Inc.), has 
made the present investigation to determine the physical properties of 
electrically welded tubing. It is hoped that the investigation will 
enable designers of structures and machines to use welded tubes 
economically under tensile loads and under compressive loads on 
short lengths, as in aircraft; under torsional load, as in steering col- 
umns and drive shafts of automobiles; under internal pressure, as in 
pumps and jacks; and for flanged connection, as in exhaust pipes for 
gasoline engines. Tests have been made to determine (1) variations 
in diameter and in thickness of wall; (2) the modulus of elasticity, pro- 
portional limit, yield point, tensile strength, and elongation of full 
section; (3) the axial crushing strength; (4) the torsional modulus of 
elasticity, and torque at elastic limit and ultimate torque; (5) the 
bursting strength under hydrostatic pressure; (6) the tensile strength 
of the weld; (7) the hardness (Rockwell number); (8) the suitability 
for flanging; and (9) the microscopic structure of the weld. 

The results obtained from the axial crushing tests, the bursting 
tests, the tensile tests of the weld, and the flanging tests depended 
greatly upon the strength and ductility of the welds. 
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IV. DESCRIPTION OF TUBING 
1. MATERIAL 


Typical chemical analyses, shown in Table 1, indicate that most of 
these tubes are mild steel containing about 0.08 per cent carbon. This 
tubing is also made in higher carbon steels, such as S. A. E. 1025, 
examples of which are tubes Nos. 85 and 86. 

The manufacturer states that all tubes were made from box- 
annealed cold-rolled strip steel with the exception of some of the 
heavier gage tubes which were made from pickled hot-rolled strip 
steel, examples of which are tubes Nos. 58, 84, and 85. 

The sizes, thicknesses of wall, and types of treatment of all the 
tubes are shown in Table 2. 
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TABLE 1.—Chemical analysis 





Tube No. Carbon |Manganese}Phosphorus} Sulphur | _ Silicon 
Per cent Per cent Per cent Per cent Per cent 
0. 08 0. 33 0. 010 0. 030 <0. 01 
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TaBLE 2.—Resulis from tensile, hardness, and axial crushing tests 





Nominal size | Wall thickness Tensile test of full section 





Elongation— 
Tube No. 


strength; In8 | In2 


inches | inches 


Fesrws 
| 





Lbs./in.2| Lbs./in.?| Per cent|Per cent 
39, 800 52, 200 | 39.8 |- 
49, 000 57, 100 | 
36, 600 52, 700 
53, 050 58, 450 
55, 400 57, 700 


35,150 | 48,950 
46,700 | 52,050 
53,000 | 56, 

33,100 | 49, 400 
56, 650 | 61,000 


58,000 | 62, 100 
39,550 | 50,400 
57,050 | 62, 200 
63, 200 
37, 950 


47, 750 
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TABLE 2.—Results from tensile, hardness, and axial crushing tests—Continued 





| Nominal size 


{ 





Type 
Tube No. |,.°%, | 
“0- | treat-| Out- 
|ment| Side 
| diam- 
| eter 
| Inches 
76 E | l 
77 B 1 
78 C 1 
44 D 1 
31. A 1 
32 B 1 | 
33 © ss 
108 ip eh ae 
28 Bede: Ace 
29 p | 1 | 
| 
30 C | ;a 
93 - A 1 
92 B | 1 
109 D 1 
73 - E 1 
74- B 1 
75 Cc l 
25 A 114| 
26 B 1% 
27 Cc 144 
Ri A 1! 
2 | B |] 1s 
2. | Cc 1% 
13 A 1% 
20_ B oe 
2. C 114) 
$4. B | 14 
10. A | 2 | 
11. Bi 3 
lla B i 2 
12. Cc 2 
12a Cc 2 | 
69 E 2 
47 D 2 
91- A 2 
90 eo 
48. D eo 
| E 2 i 
70. B 2 | 
72. he 2 | 
Bl. D 2 
49_- H | 2 | 
107. H 2 | 
rr D a 
106. - Ter 
22. A 2v4| 
B.. B | 214 
24. C 244 
a a _* 244) 
Oa Dd | 2% 
104_- Hi 2) 
56- D | 2% 
59 D |= 2h 
105 D| 2M 
85_ B 2% 
86. > 4 234| 
62 D | 3 | 
| | 
61. D 3 | 
102. D 3 | 
60- D 3 | 
103 - D 3 


Wall 


thick- 


ness 


Inch 
0. 035 


. 085 | 


. 035 
. 035 
. 049 


. 049 | 
. 049 | 


. 049 
. 065 
. 065 


. 065 
. 065 


. 065 | 


. 065 
. O83 


. 083 
. 083 


. 049 
. 049 


. 049 | 


. 035 
. 035 
. 035 
. 065 
. 065 


. 065 


- 120 | 


. 035 
. 035 


. 035 | 


. 035 


. 035 | 


. 085 
- 035 
. 049 


. 049 | 
049 | 


. 065 


. 065 | 
. 065 | 


. 065 
. 065 
. 065 
- 083 
. 083 


049 | 
. 049 | 


. 049 
. 035 
. 065 
. 065 
. 083 


- 083 | 
. 079 | 


. 083 
. 095 
. 083 
. 042 
. 065 
. 065 


. 083 | 


. 983 


Wall thickness | 


Tensile test of full section 





j 
| 
| Mini- 
mum 





| Inch 


| . 034 
j . 085 
. 035 


. 049 
. 049 
. 049 
. 064 
. 064 


| .064 
| .064 
. 065 
| .063 


} .O81 
|} .080 


. 047 
. 047 
. 047 


. 034 
. 034 
| .063 


. 065 | 


123 
. 035 
. 035 
. 036 


| 085 


. 033 
. 034 
. 050 
. 051 
. 050 
|} .062 
. 062 
. 061 
. 062 
. 066 
. 065 
. 080 
. O81 
. 048 
. 047 
. 049 
. 034 
| .060 


0. 034 | 


| .079 | 


| 


. 048 | 





034 | 


. 064 | 


- 034 | 


. 060 | 


. 080 
. 080 


. 097 
. 083 
} 041 
| =, 061 
. 063 


} .080 


. 079 | 


Yield 


point 


| 
Maxi- | 
mum | 











Ulti- 
mate 


strength 


Be 


Inch watt Lbs./in.2 


0.034 | 48,9 54, 800 
.035 | 54,2 58, 050 
037 | 41, 100 | 51, 150 
-036 | 48,050 | 52, 400 
.049 | 49,100 | 55, 250 
.051 | 56,350 | 59, 600 
.050 | 33,950} 51,950 
050 | 50,300 56,800 
.067 | 50,100 | 53, 600 
.065 | 50,150 | 53,150 

| 
.066 | 34,900 | 48, 250 

-065 | 51,050 | 55, 950 
.066 | 61,100! 63, 100 
.064 | 46,700 | 49, 000 
.081 | 56,000; 61,050 
.083 | 49,550 | 59, 450 
.081 | 37,150| 51,550 
.049 | 50,200! 54, 250 
.049 | 53,750 | 56, 850 
.049 | 39,600 | 52, 600 
035 | 42,950 | 48, 500 
.035 | 48,050 | 50,350 
-035 | 37,400 | 53, 350 
.064 | 43,000} 49,350 
.065 | 47,750 | 50,450 

| | 
. 066 | | §2, 400 
. 124 58, 650 
. 036 | 54, 050 
. 035 54, 850 
037 58, 550 
. 037 | 52, 900 
. 036 5, 50, 150 
.034 | 34,150) 44,800 
.036 | 52,450 | 56, 300 
.052 | 44,400 | 50, 150 
| 
.052 | 49,100 | 52,700 
-050 | 54,850 | 59, 450 
. 063 | 46,300 | 51, 700 
.063 | 47,900 | 53, 700 
.064 | 35,850 | 48,950 
.063 | 49,950 | 55,700 
.067 | 67,200 68,65 
.066 | 74,350 | 78,250 
.081 | 45,700 | 50,050 
.082 | 57,150 | 58, 850 
.049 | 45,600 | 47,300 
.049 | 47,250 | 48, 600 
.050 | 32,100 | 47,550 
.035 | 54,850 | 56,850 
.062 | 55,200 58, 450 
.062 | 70,850 | 75,850 
.081 | 57,700 | 62,800 
082 | 53,100} 58, 800 
.081 | 57,500 | 64, 150 
i 7 | 63, 5 72, 45 
.085 | 60,850 | 66, 300 
.042 | 47,850] 55,050 
.062 | 45,050} 54,550 
064 | 52,350 | 57, 600 
.081 | 51,900 | 59,900 
.082 | 48,950 | 56, 100 





Elongation— 


In 8 | In 2 
inches | inches 


Per cent| Per cent) 
0 


13.4| 33. 
87] 25.5 
31.3 | 49.0 
15.6 | 33.0 
12.5 | 30.0 
&2) 225 
25.0] 38.5 
10.6 | 28.0 
128| 325 
10.9| 300 
| 
33.9] 515 
11.2] 31.0 
7.0} 20.0 
14.0} 25.0 
10.5 26. 0 
15.2] 330 
29.7| 485 
14.2] 36.0 
9.7) 27.5 
31.9| 54.0 
25.5| 43.0 
17.3| 81.5 
27.6 | 45.8 
23. 6 49.5 
21.5| 44.0 
37.2| 59.5 
13.8} 385 
19.4 | 42.0 
12. 6 | 29. 7 
13.4] 325 
348] 57.0 
33.5 | 57.0 
32.1 | 53.0 
11.9/ 31.0 
184| 45.5 
13.0] 30.5 
12.5] 33.0 
23.1} | 46.0 
16.1} 40.5 
33.2{ 53.5 
13.1 | 37.0 
3.1 9.5 
2.5 7.0 
18.8 | 48.0 
12.4} 38.0 
30.0| 52.7 
27.2| 44.5 
31.2] 60.5 
12.2] 340 
13.4] 40.9 
2.5 7.0 
14.9| 37.0 
22.6| 44.5 
13.1] 19.0 
15.7] 42.0 
15.6| 34.5 
17.9| 235.5 
21.9} 46.0 
23.5) 520 
15.8 | 37.5 
19.9 | 45.5 





Rock- 





well 


83.9 


00 960 CO “Ie Orc yy 
SSS3 SASa SES 
Noro wCWHwed Anwm 


COmOom 


onnwe@ 





Axial 
crushing 
test 
(ulti- 
mate 
strength) 


Lbs./in.2 


55, 750 
59, 350 
47, 200 


46, 900 
52, 100 
39, 700 
§2, = 


52, 550 


sz 
2% 


41, 350 


55, 050 
69, 700 
79, 050 
51, 800 
60, 250 


44, 250 
47, 100 
39, 800 
51, 450 


ow 


# 
ae 
2 


43, 100 
47, 700 
51, 100 
55 , 500 
31 000 





1 Slight crack in weld at outer edges of folds. 


8 Deep crack in weld at outer edges of folds. 
? Crinkled locally at top and bottom on opposite sides, but did not fold. 
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FIGuRE 1.—Cross sections and welds of some 1-inch tubes 

Tube number. ._-__.- Pr name f 34 35 43 
I'ype of treatment _ _- As welded. Swaged. Rolled. 
Tube number_____- : 93 73 74 
l'ype of treatment___....---- Seed s ..... As welded. Cut-burr. Swaged. 
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TABLE 2.—Results from tensile, hardness, and axial crushing tests—Continued 





Type of treatment | Symbol Type of treatment 








As-welded. | D......| Rolled. 
-.--| Swaged. | E__.....| Cut-burr. 
.| Swaged-annealed. } Hard-rolled. 











2. METHOD OF MANUFACTURE 


Strip steel of the required width is passed through a series of rolls 
to give it the tubular form. 

The edges along the longitudinal seam are accurately butted as the 
blank is propelled under two electrodes which make continuous con- 
tact on both sides of the seam. The electrical resistance of the metal 
brings the abutting edges to the welding temperature. Forces are 
immediately applied by mechanical fixtures to complete the weld. 
The tubing is said to be welded at a speed of about 50 feet per minute. 


(a) TYPES OF TREATMENT 


Figures 1 and 2 show the typical cross sections and welds of some of 
the tubes. 

(1) As welded—This tubing is in the condition in which it comes 
from the welding machine. It has a small burr on the inside and 
outside at the weld. The diameter is from 0.02 to 0.04 inch greater 
than the nominal outside diameter. 

(2) Cut-burr.—This tubing is similar to the as-welded tubing except 
that the outside burr has been removed by a planer tool as it leaves 
the welding machine. 

(3) Swaged.—The as-welded tubing is passed through a swaging 
machine which reduces its outside diameter to the nominal size and 
removes the burr on both sides. The machine has a pair of dies, 
each of which has a slightly tapered longitudinal. semicylindrical 
groove. The opposite end of the dies from which the tube enters 
conforms to the feateed outside diameter of the tube. A cylindrical 
mandrel, of a size corresponding to the desired inside diameter of the 
tube, is inserted and held stationary at a point between the dies. 
The dies revolve about the tube and at the same time hammer it to 
its nominal size while the tube is being pulled through the machine. 

The as-welded tubing may also be swaged without the stationary 
mandrel on the inside, thus forming a tube of uniform thickness and 
outside diameter, but with a small burr on the inside at the weld. 

The variations in thickness of wall and in outside diameter of 
swaged tubes are small. 

(4) Rolled —The as-welded tubing is passed through a series of 
rolls arranged in pairs, each roll having a semicircular groove. These 
rolls reduce the outside diameter to the nominal size and roll down 
the burr. A mandrel, in which small rolls are mounted and adjusted 
to conform to the desired inside diameter of the tube, is inserted and 
held stationary in the tube at a point between the outside rolls. The 
rolls in the mandrel roll down the inside burr. 

The thickness of wall at the weld of the rolled tubes is somewhat 
greater for a width of 0.10 to 0.20 inch, the increase being from 2 to 
20 per cent and averaging 8 per cent. Due to the rolling operation, 
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the outside diameter of the tubing is constant, but the inside diameter 
is least at the weld. 

(5) Hard rolled.—The strip steel from which this tubing is made is 
cold worked to a greater extent than other rolled tubing, which 
increases its strength. 

(6) Annealed—The ductility of the tubing which has been cold 
worked in previous operations may be increased by annealing. 
Annealed tubing is used for parts which are greatly deformed in 
fabrication. 

The only annealed tubes that were included in this investigation 
were annealed after swaging. 


V. METHODS OF TESTING AND RESULTS 


To determine the difference in tensile strengths at the ends of 
some of the 15-foot lengths of tube, one tensile specimen was cut 


Swaged, 25 fubes 


LE aw | 

é ; Swaged-Annealed, 20 tubes 
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all 
| { 


| fe fold, 23 tubes 
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Maximum differences of oviside diameter-inches 
Fiaure 3.—Mazimum differences of outside diameter 


To find the number of tubes which did not exceed a given tolerance, say 
0.006 inch, find 0.006 on the horizontal scale, then determine where the 
ordinate cuts the curve for the tube of the desired treatment, say 
“swaged.’’ Read the number of tubes horizontally on the scale at the 
jeft. For this case, 96 per cent of the 25 “‘swaged’’ tubes did not 
exceed the tolerance. 


from each end of tubes Nos. 1 to 25, inclusive. The average dif- 
ference between the tensile strengths of the two specimens was 1.2 
per cent and the maximum difference was 2.5 per cent. It was 
concluded, therefore, that the physical properties did not vary ap- 
preciably in the length of the tube. Only one tensile specimen was 
cut from each of the remaining tubes, which varied in length from 
10 to 18 feet, and no sequence for cutting specimens from the re- 
maining length was followed in the various tests. 
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1. DIAMETER AND THICKNESS OF WALL 


The outside diameters of swaged, rolled, and swaged-annealed 
tubes were measured to the nearest 0.001 inch at four equally spaced 
diameters around the tube. These measurements were taken at an 
arbitrarily selected cross section of the tube. 

After the tube had been cut into lengths for specimens, the thick- 
ness at the ends of the specimens was measured to the nearest 0.001 
inch on four elements equally spaced around the tube. 
One of these measurements was taken on the weld 
of the swaged and swaged-annealed tubes, but not 
on the weld of the as-welded, cut-burr, or rolled 
tubes. The thickness of the wall did not vary longi- 
tudinally more than 0.001 inch on any given element 
of the cylinder. 

The maximum differences in outside diameters 
and wall thicknesses of the four measurements are 
shown in Figures 3 and 4. 

Figure 3 shows the per cent of the 25-swaged, 
23-rolled, and 20-swaged-annealed tubes having the 
maximum differences of outside diameters indicated. 

Figure 4 shows the per cent of the 91 tubes of 
all types of treatment having the maximum differ- 
ences of wall thickness indicated. 


Number of tubes-per cent 


Maximum differences oP 
weal! thichinesses-sches 


2. TENSILE TEST OF FULL SECTION 


Figure 4.—Mazi- 


One tensile — 20 inches long, was cut 


from each length of tubing and then marked with 
a center punch at each inch along opposite elements 
of the cylinder for a distance of 10 inches. Man- 
drels which fitted the inside of the tube were in- 
serted into each end of the specimen. These man- 
drels were slightly longer than the jaws of the 
testing machine, and their inner ends were rounded. 

The testing machine had a capacity of 100,000 
pounds. It was of the universal screw-power type 
and driven by an electric motor. The ends of the 
specimen were gripped between the V-shaped 


mum differences 
of wall thickness 


To find the number of 
tubes which did not 
exceed a given toler- 
ance, say 0.002 inch, 
find 0.002 on the hori- 
zontal scale, then de- 
termine where the or- 
dinate cuts the curve 
representing the tubes 
of all types of treat- 
ment. Read the num- 
ber of tubes horizon- 
tally on the scale at 
the left. Then 93 per 
cent of the 91 tubes 
did not exceed the 
tolerance. 


grooves of the jaws. 

The yield point was determined by the drop of the beam and 
checked by dividers set on the specimen on an 8-inch gage length. 
The speed of the moving head of the machine was 0.11 inch per 
minute during this part of the test. The speed was then increased 
to the next higher speed of 0.44 inch per minute, which was main- 
tained until the ultimate load and fracture were reached. 

The elongation was determined by fitting the fractured ends to- 
gether and measuring the distances between original 2 and 8 inch 
gage marks on each side of the fracture. These marks were selected 
so as to have the fracture as near the center of this distance as possible. 

The yield point, ultimate strength, and elongation for each tube 
are given in Table 2, and the average of these for the different types 
of treatment are given in Table 3. 
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The modulus of elasticity and proportional limit were obtained 
from a few specimens of the different types of treatment. One-inch 


tubes were selected because they were available in a wide range of 
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Figure 5.—Typical stress-strain curves, tensile test 















































thicknesses. A Ewing extensometer was used on an 8-inch gage 
length. The deformation was measured to 0.0002 inch by the 
smallest division and estimated to 0.00002 inch. 

The stress-strain curves for the nine specimens tested are shown 
in Figure 5 and the numerical results are given in Table 4. 


TABLE 3.—Average results of tensile tests of full section and axial crushing test for 
the different types of treatment 





Tensile test of full section Anh geetins 








Type of treatment Elongation— 


Num- 
ber of 
tubes 





Ultimate 
strength 


Ultimate 


strength In8 


inches 


In2 
inches 





} 
Lbs./in.? 
53, 820 | 
53, 090 | 








Per cent 
. 0 


19.7 
11.8 
> | 31.1 
57, 400 | 15.4 
74, 250 2.7 


Per cent 
33. 5 
39. 5 























Symbol Type of treatment Type of treatment 








| 
| 
pate tee } 


| 
B. 
a 


| As-welded. 
| Swaged. 


= Swaged-annealed. 


| Rolled. 
..| Cut-burr. 
Hard-rolled. 


| 
| 
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FiGuRE 6.—Typical crush specimens 
ype number 10 19 
Hard rolled. 


Bcoa casted scares ] 12 47 
ype of treatment....... As welded. Swaged. Swaged-annealed. Rolled. 














B. S. Journal of Research, RP161 





—T pee 








gi 
c 
S 
| 

t 
( 
’ 





FiGuRE 7.—Torsion machine with a specimen under test 
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TABLE 4.—Results of tensile tests of full section to obtain stress-strain curves 





Tube No. 





| 
Nominal size | Wall thickness ¥ 


| Out- 


| side 
diam- 


eter 


Inch 


Pt bt pee et pt et et et 





| 
—|____——| stress at | 
wie pesnes: | 
Ja a : tiona 
thick- | Mink | Maxi) jimit 
ness | 


Yield 
point 





Elongation— | 


Modulus 
| of elas- 

In 8 In 2 ticity 
inches | inches | 


\Ultimate 
istrength 


| 
| 
| 








Inch | Tnch 
0.030 | 0.030 ’ 
-035 | .036 39, 000 
. 049 - OF 37, 600 


Lbs. *: 2 Lbs. Jin. 


- 079 | 
- 081 | 
080 | 32, 000 








53, 650 | 
48, 050 | 
50,300 | 57, 000 10.0 24. 5 | 
. 064 | . 066 30, 34,900 | 47, 020 33. 2 53. 5 | 
064 | .065 | 32, 51, 050 
-065 | .066 | , 61, 100 

56, 000 | 
49, 500 : 5. 
37,150 | 49, 300 29. 


2 | Lbs./ /in.2| Per cent| Per cent} Lb 8. 
58, 350 8.4 17.0 | 
52, 400 14, 2 


S235 


s 


56, 250 12.0 
62, 500 


g222 


6. 5 | 
0. 25. 5 | 


ie 


BEB32 
| sggeeeees 














Symbol 


Type of treatment | 
| 








As-welded. | 2- ue | 
Swaged. ee 
Swaged-annealed. E 





Symbol ‘| Type of treatment 


Rolled. 
Cut-burr. 
Hard-rolled. 





3. AXIAL CRUSHING TEST 


This test was made on all tubes of 1 to 3 inches outside diameter, 
inclusive. 

The specimens, 2% inches long, were cut from the tube in a lathe, 
and loaded longitudinally in a testing machine. The moving head 
of the machine applied its force through a spherical bearing. The 
speed of the moving head was 0.11 inch per minute, and as the ultimate 
load was reached the specimen started to crinkle. The speed was 
then increased to 0.44 inch per minute and the test completed by 
crushing the whole specimen into folds. The results are given in 
Table 2. 

A few typical specimens are shown in Figure 6. The weld is nearest 
the observer, and a segment is cut away to show a section of the 


folded metal. 
4. TORSION TEST 


This test was made on swaged and rolled tubes of 1 to 3 inches out- 
side diameter, inclusive. The total length of each specimen was 43 
inches and the gage length was 30 inches. Mandrels which fitted 
the inside of the tube were inserted into each end of the specimen to 
prevent the tube from being crushed between the jaws of the torsion 
machine. 

Figure 7 shows the torsion machine with a specimen under test. 
Figure 8 shows the twist-measuring instrument assembled on a 
specimen. With specimen A in the torsion machine the ring B, 
supporting the pointers, and the ring C, supporting the arcs, are 
spaced and held perpendicular to the specimen by pressing them 
against the end faces of jig D when it is resting on the specimen on its 
V-shaped ends. The rings are made concentric with the tube by 
adjusting three radial screws, having square ends, set 120° apart in 
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the ring. Between the square-ended screws are sharp-pointed screws 
similarly spaced, which are screwed down against the tube so the ring 
can not turn on the tube. The jig is then removed, and the balance ed 
pointer / set into a semicircular groove at the end of the supporting 
arm and made secure by thumbscrew F. The small glass G, with a 
horizontal hairline, is attac hed to the end of the balanced pointer by 
means of a thin flat spring. The spring keeps the glass against the 
6-inch flexible scale H, which is held on the aluminum arc by brass 
clips. The two sides of the instrument: are similar. 

The distance between the points of the screws in the two rings when 
spaced on the specimen by jig D is 30 inches. This is the gage length. 
The distance between the axis of the specimen, when the specimen is 
concentric with the ring, and the outside face ‘of the flexible sc ale is 
19 inches. The arms extending from the rings and the pointers are 
l-inch and %-inch steel tubes, respectively; both are about 0.028 inch 
in thickness. 

The scales were graduated to 0.01 inch. By using a magnifying 
glass the readings were made to 0.001 inch. The two scale readings 
were taken simultaneously for each increment of applied torque until 
the yield point was reached. The instrument was then dismantled 
by removing the balanced pointers and loosening the screws in the 
rin The torque was increased to obtain the ultimate strength, 
a the specimen was twisted until it buckled and bent too much to 
keep the weighing head of the machine in line. 

None of the torsion specimens showed any fracture in the weld. 
Figure 9 shows some of the torsion specimens. 

For circular tubes the stress in the extreme fiber at the proportional 
limit is calculated from the formula 


_fLe 
ee 


in which S is the stress, 7’ the torque, c the outside radius of the tube, 
and J the polar moment of inertia calculated from the formula 


3.1416 (D*—d*) 
32 


in which D is the outside diameter and d the inside diameter of the 





Jus 


tube. Figure 10 shows values of 7 plotted against shearing strain 


at the surface, and the numerical results are given in Table 5. It 


may be pointed out that values of fe 


J 
not represent stress in the extreme fiber unless the tube is sufficiently 
thin to justify assuming a uniform distribution of shearing stress 
across the thickness of the tube. 


above the proportional limit do 
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FIGURE 8.—T'wist meter assembled on a specimen and spacing jig 
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Figure 9.—T ypical torsion specimens 
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TABLE 5.—Results of torsion tests 





| Nominal size | Shearing ! 
stress in 
extreme | Modulus? 
fiber at jof elasticity 
propor- | in shear 
tional 
limit 





Torque at} 

| propor- | Ultimate 
| tional torque 
limit 
| 

| 


= 

iT ype of Wall 

| treat- | thickness, 
ment | Outside Wall average 
| diameter |thickness 

| 





| 
| 
1 
| 


Se 
| — 


Inches Inch | In.-lb. lb. Lbs./in.| Lbs./in.a 

1 0. 050 | 1, 700 » Oe 25, 020 | 12, 150, 000 
1 - 049 | 1, 600 70 | 24,100! 12,300, 000 
1 - 063 | 1, 850 22,480 | 12, 090, 000 
1 . 06: - 065 2, 400 3, é 28, 620 | 11, 930, 000 
1 . 064 4, 200 21,060 | 12, 460, 000 


oa 


wo 


ms 


1233 10, 000 ’ § , 600, 000 
. 035 5, 000 i 23, 9° 2, 52 000 
. 035 5, 000 K 23, 85 11, 920, 000 
. 050 6, 000 AE 12, 360, 000 


. 052 6, 250 9, 20, 6 11, 960, 000 


thre 


~] 


. 062 7, 600 ! 21, 310 12, 250, 000 
. 062 7, 600 ; 21,270 | 11, 880, 000 
.066 | 12,500 2 33, 5: 11, 980, 000 
. 066 10, 600 28 11, 780, 000 





hororws 


8, 500 3, 7 3, 87 11, 940, 000 
10, 000 i 2, 2 12, 330, 000 
8, 000 f 27 12, 040, 000 
7,800 ‘ 3 12, 530, 000 


10, 000 7, 7 7, 9 2, 370, 000 
16, 500 25, OF 29, 36 , 470, 000 
17, 200 25, 96 23, 78 2, 000, 000 
16, 600 2 22, 980 1, 720, 000 


Z 17, 400 t 20,460 | 11, 690, 000 
J . 084 " é 21, 860 12, 280, 000 
. 065 . 062 18, 400 Dy 22, 430 12, 190, 000 
. 083 . 080 24, 800 33,600 | 23,680] 11, 840, 000 























1 Shearing stress in extreme fiber S= Tc/J. 2 Modulus of elasticity in Shear G=S/u. 





| | 
Symbol | Type of treatment Symbol Type of treatment 





"ae As-welded. 
B__.._.| Swaged. fl . ies ~---| Cut-burr. 
C____..| Swaged-annealed. | Hard-rolled. 








The modulus of elasticity in torsion may be calculated from the 
formula 
YY 
S 
n= 
U 
in which G is the modulus of elasticity, S the proportional limit, and u 
the shearing strain at the proportionai limit. 


5. HYDROSTATIC TEST 


This test was made on tubes 1 inch and 2 inches in outside diameter, 
because tubes of these sizes are made in a wide range of wall thick- 
nesses and in all types of treatment. The specimens were 17 inches 
long and cut to length with a hack saw. 

The fixtures for closing the ends of the 2-inch tubes are shown in 
Figure 11. Spanner wrenches A are used to screw the shell F over 
the grip B, thereby forcing the inside-tapered ring C over the tapered 
segments of the grip. The thin ring D is of bronze, which reduces the 
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Figure 11.—Fiztures for closing the ends of 2-inch tubes for hydrostatic test 
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FicurE 12.—Hydrosiatic testing equipment 











Whittemore, os 
Seaquist 


Electrically Welded Steel Tubing 489 


friction, and the ring Fis a filler which in effect increases the length of 
(and bears on a shoulder on the inside of shell F. The inside of the 
segments of grip B have circumferential ribs which fit between the 
ribs on the solid plug G when in place on the tube. As the shell is 
screwed over the grip, the wall of the tube is compressed between the 
segments of grip C and plug G, making a tight joint and preventing 
the plug from slipping. Leaks around the plug are prevented by 
wrapping a layer of friction tape between the ribs. 

The other fixture J is similar and is assembled as shown on specimen 
K. The plug on the inside of the tube has a small hole drilled through 
its axis and is tapped for a connection with the copper tube H which 
connects to a pump. Specimen J has been annealed at the ends to 
make the gripping easier. 

The same fixtures were used for testing l-inch tubes, except that 
an adapter was fastened on the inside of the 2-inch grips. A different 
set of plugs was used for each thickness of wall. 

After the ends of the specimen were closed, care was taken to fill 
the specimen with water to remove all the air. The copper tube was 
then connected to the pump as shown in Figure 12. The pressure 


' was increased slowly until the tube fractured. 


A check valve below the pressure gauge retained the maximum pres- 


» sureon the gauge and prevented rapid return of the needle when the 


tube fractured. A release valve was used to release the pressure on 
thegauge. Therated capacity of the pump was 10,000 lbs. /in.?. 

After the grips were released, the plugs were still held in the tube 
because the metal had been compressed between the ribs of the plugs. 


» The plugs were removed by pulling them out in a testing machine. 





Aan cae 








TABLE 6.—Results of hydrostatic test 














Nominal size Wall Maxi- tiseenee 
Tube No gi Ay thick- Fone sil Bursting | between 
. : ness, S bere strength | fracture 
ment | Outside Wall average static | and weld 
diameter | thickness Tage | pressure 
Inches Inch Inch Lbs./in.2 | Lbs./in.2 | Inches 
a! RRA ee * 1 0. 028 0. 028 3, 500 60, 950 0. 62 
<mpinndeoeakoaical B 1 . 028 . 028 3, 700 62, 550 - 53 
2 et D 1 . 028 - 030 4, 000 62, 850 1. 20 
bdes deen aka A 1 - 035 . 034 4, 200 59, 900 15 
‘. A 1 . 035 . 032 4, 400 66, 500 25 
76. E 1 - 035 . 034 4,400} 62, 100 1.55 
64 wth RARE p Claom Sa tecoll B 1 - 035 - 034 4, 500 61, 900 1. 48 
ft. % B 1 - 0385 - 034 4, 700 64, 400 1. 50 
5 nea bi TS GR ee B 1 - 035 . 032 4,600 | 67,250 1.43 
48. ae 8} 1 - 035 - 036 3, 000 38, 800 0 
—t a 1 - 085 . 036 4, 600 59, 300 1,27 
mi iaey 1 . 049 . 048 6,100} 59, 200 . 30 
niches Moka Soar all aad | B 1 . 049 . 050 6, 900 62, 300 - 40 
<a ae 1 049 - 050 5, 800 52, 350 - 40 
el D 1 049 - 049 6, 600 60, 750 1.05 
ee ee eee oe Mees Ree A 1 065 064 | 8,400] 59, 250 37 
30 Ri nsoheensne ath oo in abel B 1 - 065 . 065 9, 300 62, 200 60 
109 Janek ide edule wwanee co) 1 - 065 - 065 6, 900 46, 350 0 
ng. TTT Tren tt enter e rene enn enn eee D 1 - 065 - 063 7, 500 52, 200 1.14 
(On pontncenngipun tp anda amekiaieae E 1 - 083 - 080 11, 000 59, 71 (4) 
be B 1 . 083 .082| 11,500} 58,600] () 
10. onuncenewictee die OC 1 - 083 - 081 9, 500 49, 150 
oe. ~---enewnesnaagectaardsenaiehies A 2 ~ 035 036} 2,300} 62, 700 25 
1 occas wennnsteuneoniostneusund E 2 . 085 - 084 1, 900 55, 000 2. 85 
+ One eanencmnsnnassaaibeatenwnwag B 2 . 085 . 037 2, 500 65, 150 























' The pressure required to produce fracture was above the capacity of the pump, 
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TaBLE 6.—Results of hydrostatic test—Continued 














Nominal size Maxi- 
. Wall Di 
Type of : mum , Istance 
Tube No. | treat- —_ hydro- poe between 
| ment | Outside Wall one pe | _ Static Strength | fracture 
diameter | thickness Tage | pressure and weld 
Inches | Inch Inch | Lbs./in.2) Lb.fin. | Inches 
12... C 2 0. 035 0. 035 1, 800 49,7 0 
47_- D 2 ‘035 035 300 | 63, 600 1.91 
oR: A 2 . 049 . 051 3, 000 56, 450 2.35 
90_ B 2 ‘049 052} 3,200] 58, 250 a1 
48__ D 2 049 . 050 3, 200 61, 050 0 
is E 2 . 065 . 062 3, 800 58, 600 6) 
70__ B 2 . 065 . 062 3, 900 59, 150 2. 42 
; C 2 . 065 . 063 3, 400 50, 700 0 
51. D 2 . 065 . 062 4, 000 60, 500 2 
49__ ae . a H 2 . 065 - 066 5, 400 
_ _feetes a Lebabkice H 2 . 065 . 066 5, 900 
Sees at AS Tee nals D 2 . 083 . 081 5, 000 
RE ee Ce ee Meee ee ec D 2 . 083 . 081 5, 400 





























| 


Symbol | Type of treatment | 


é 


icbcxing | As-welded. ee Rolled. 


Symbol | Type of treatment 











B.......| Swaged. ae Cut-burr. 
oa | Swaged-annealed. © Ghee: Hard-rolled. 











The bursting strengths, given in Table 6, were calculated from the 
formula . 
P. 


S= 2t 

in which S is the bursting strength, P the bursting pressure, d the 
inside diameter, and ¢t the wall thickness. The diameter d is the 
inside diameter of the tube before pressure was applied. On account 
of the ductility of most of the tubes the diameter d increased con- 
siderably before fracture occurred. If the bursting strength had 
been calculated from the actual diameter just befor rupture 
it would have been higher, but this increase has no structural 
significance. 

In this test there was a combination of longitudinal and transverse 
stresses, or two tensile stresses at right angles to each other. This 
condition tends to increase the bursting strength and accounts partly 
(probably largely) for the increase of bursting strength over the 
tensile strength of circumferential strips. 

The shortest distance, along the circumference, between the 
fracture and weld is given in Table 6. Figure 13 shows the positions 
of the fractures relative to the weld, and Figure 14 shows graphically 
the bursting strengths and positions of fracture. The concentration 
of failures on either side of the weld and opposite the weld, as shown in 
Figure 13, isin accordance with what may be expected from theoret- 
ical considerations if the welded portion of the tube has a higher 
yield point and consequently is stiffer than the rest of the tube 
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after plastic deformation begins.‘ That this condition is a fact is 
shown (1) by the higher Rockwell numbers in the welded portion, 
indicating a higher ultimate strength and probably a higher yield 
point, inasmuch as the material in the welded portion and in the rest 
of the tube is similar and (2) by the tests on 
the circumferential strip which yielded out- 
side the welded portion in every case except 
in the case of the swaged-annealed tubing. 

The 2-inch hydrostatic specimens are shown 
in Figure 15. Some of the 1 and 2 inch hy- 
drostatic specimens are shown in Figures 16 
and 17 in greater detail. 


6. TENSILE TEST OF WELD 


This test was made on tubes 2 inches in 
outside diameter, because this size when cut 
and opened into a strip would form a speci- 
men long enough for milling a reduced sec- 
tion. (See fig. 18.) 

To compare the tensile strength of the 
base metal and of the welds, similar speci- 
mens were prepared, some having no welds, 
others having welds at the middle of the re- 
duced section. 

The tubes were chucked in a lathe and 
rings 1% inches long cut from the end. 
Some of the rings from each tube were cut 
at the weld parallel to the axis; others were 
cut diametrically opposite the weld. The 
rings were straightened and tensile specimens 2-inch tubes 
having a reduced section, three-fourths inch pyguRe 13—Diagram shows 
wide, machined from them. These untested ing thelocation of fractures 
specimens are shown in Figure 18 above some _— in hydrostatic specimens 
of the tested specimens. The burrs on some The tube number for each speci- 
of the welded specimens from as-welded and  icating the location of the frac- 
cut-burr tubes were ground off to make the — ‘W? With respect to the weld 











thickness of the specimen uniform at the site alain eT 
weld. This eliminated any additional 
strength at the weld due to the increase of , ova sasiiatte tact 
cross-sectional area formed by the small burr. ie _ 10, 91. 
_ The average tensile strength and the posi- Swaged...........| 64, 77, 98,32, 9, 
tion of fracture are given in Table 7 forcom- ,,.4-annealed Be ke 
parison with the results of the hydrostatic 0 —S 
test of the same tube. Figure 18 shows one *°°*------------ st 
welded specimen from each of the tubes , 106. 

° ard-rolled__--.-- 49, 107. 
tested, excepting tubes 106 and 107. 








‘A. Ostenfeld, Teknisk Elasticitetslaere, 4th ed., Copenhagen, 1924, pp. 518 ff. or A. E. H. Love 
The Mathematical Theory of Elasticity, 4th ed., Cambridge, 1927, Art. 274, p. 423. 


98046°—30——3 
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Figure 14.—Graph showing the relation of bursting strength to location of 
fracture, hydrostatic test 


TaBLE 7.—Results of tensile tests of circumferential strips compared with results 
of hydrostatic test 















































| Nominal size | Tensile test of circumferential strips 
Type Wall | Weld outside of | Weld in center of | H1dro- 
Tube No of | thick- | tested section tested section tont— 
rai treat-\Qutside| Wall | 26Ss, bursting 
ment } diam- | thick- average strength 
eter ness | Num- | Ultimate| Num- | Ultimate 
| ber |strength,| ber _ | strength, 
| tested | average | tested | average 
| 
“ — Civ ae SES OTee 
| Inches | Inch Inch Lbs./in.? Lbs./in.? | Lbs./in. 
a 2/] 0.035 | 0. 036 2 54, 890 14 54, 440 62, 700 
E 2 .035 | .034 2 45, 780 14 46, 960 55, 000 
B 2 - 035 . 037 2 58, 920 4 55, 940 65, 150 
C 2 - 035 035 2 52, 300 4} 246,800 2 49, 700 
D | 2 035 . 035 2 55, 000 4 58,050 63, 600 
A | 2 049} . 051 2| 50, 220 14] 50,970 56, 450 
B | 2 049 052 2 53, 150 4 53, 180 58, 250 
D | 2 049 050 2} 60,100 4| 60,140] 261,050 
E } 2 065 . 062 2 55, 640 14 53, 310 58, 600 
B | 2 065 - 062 2 53, 670 4 55, 280 59, 150 
c | 2| .065| .063 2| 52,920 | cates \ 2 50, 700 
D | 2} .065} .062 2| 57,700 4| 69,420) 60,500 
H 2 . 065 . 066 2 71, 220 2 71, 100 76, 400 
H | 2 . 065 . 066 1 83, 000 2 78, 920 83, 5 
D | 2 . 083 . 081 2 50, 650 4 52, 000 56, 750 
D | 2 . 083 081 1 60, 550 2 60, 910 61, 250 i 
1 The burrs on two of these specimens were ground off to uniform thickness. ; 


? Fractured in the weld. 











Symbol | Type of treatment | Symbol Type of treatment 
i} 
| 


A...___.| As-welded. D.......| Rolled. : 
eee Swaged. E___....| Cut-burr. 5 
C.......| Swaged-annealed. eet Hard-rolled. $5 
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: 


FigurE 16.—Fractured portion of some 1-inch hydro- 


























static specimens 


4 














FicgureE 17.—Fractured portion of some 2-inch hydrostatic specimens 
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Seaquist 
7. HARDNESS 


The hardness of the tubing was determined by the Rockwell machine, 
using a %s-inch steel ball and a 100-kg load. About 10 indentations 
were uniformly distributed around a short specimen cut from the 
length, one indentation being made on the weld. The average of 
these Rockwell numbers was taken as the hardness of the tube. 

The Rockwell number for each tube is shown in Table 2, and the 
average Rockwell numbers for the different types of treatment are 
shown in Table 8. 


TABLE 8.—Results of hardness test for the different types of treatment 





Number Rockwell | Number Rockwell 
0. 


Types of treatment of tubes 


| Types of treatment of tubes 
tested 


tested No. 








18 4 20 74.1 
4 ? Hard-rolled 3 86. 5 
24 . Swaged-annealed 19 54.5 

















Since high Rockwell numbers were found at the weld, a few speci- 
mens of tubing having an outside diameter of 2 inches were selected 
for a special study of the variation in Rockwell numbers around the 
tube. The short specimen was cut longitudinally into three seg- 
ments. Each segment was placed on the bearing block so as to make 
the indentations on the inside and along a helical line around the 
tube, the indentations being spaced about one-thirty-second inch 
circumferentially. The results are shown in Figure 19. 

Similar readings were not made upon tubes of other diameters 
because it was believed that the readings on the 2-inch tubes, having 
medium thick walls, showed the variations in Rockwell numbers 
which might be expected in any tubing made by the same process. 


8. FLANGING TEST 


The flanging equipment was designed as recommended in the 
A. S. T. M. specifications A-83-27 for flanging tests, except that the 
flaring tool, as shown in Figure 20, was made large enough to form 
the maximum possible flange on 1 and 2 inch tubes. 

Specimens, about 4% inches long, were cut from the tube in a 
lathe. The specimen extended out of the die block (fig. 20) about 
three-fourths inch when both were resting on a flat surface on the 
weighing table of the testing machine. The flaring tool was placed 
in the end of the specimen and forced down by the moving head of 
the machine until the flare reached the die block. The flaring tool 
was then removed and the flange was completed by forcing the flared 
section flat against the die block by means of a flat surface in the 
moving head of the machine. 

If the flange fractured it was cut off as nearly square as possible 
with a hack saw. Fillers were then placed in the die block to support 
the specimen on its lathe-cut end and to allow it to extend out of the 
die block an amount estimated to give a flange without fracture. If 
the flange did not fracture the same procedure was followed to obtain 
a larger flange. 
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The testing machine was not used to determine the applied load 
but to obtain a constant speed of 0.44 inch per minute. 
Table 9 shows the width of the flange as measured from the outside 
of the tube. Figure 20 shows some of the typical specimens and the 
equipment used. 


TABLE 9.—Results of flanging test 





Nominal size 
Type Wall , 

of treat- thickness, i ag 
ment | Outside Wall average 

diameter | thickness 








Inches 


at pet pet pet et mt eet et et et 


te et et et 





1 
1 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 




















Type of treatment Type of treatment 





As-welded. | .-| Rolled. 
Swaged. ..-| Cut-burr. 
Swaged-annealed. Hard-rolled. 

















9. MICROSCOPIC EXAMINATION 


For the purpose of examining microscopically the structure of the 
metal of the tubing at the weld and at a distance from the weld, 
specimens were cut from as-welded, swaged, swaged-annealed, rolled, 
and hard-rolled tubes. The faces of these specimens corresponding 
to the cross section of the tubes were polished, etched with a 5 per cent 
solution of picric acid in alcohol, and examined under the microscope. 

Figures 21 to 25, inclusive, are micrographs, taken at the magnifica- 
tions indicated, showing typical features noted in the microstructure 
of these specimens and discussed in the following paragraphs. 
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The metal at the weld has a distinctly different structure from that 
outside of the zone affected by the heat of welding, but there is no 
indication that the metal has been overheated or burned. Figures 
21 A, B, and C show, respectively, the structure of the metal in an 
as-welded tube specimen at the weld, immediately adjacent to the 
weld, and the portion of the tube opposite to the weld. The dark- 
colored patches shown at a low magnification in these micrographs, 
some as fuzzy masses and others as sharply outlined specks, are 
carbon-bearing areas. Those areas present at the weld were noted 
at higher magnifications to be usually grains of sorbitic pearlite. 
The size of the ferrite grains (colorless) noted in the metal usually at 
or near the weld, are in some specimens larger than in the base metal. 
This is apparent in Figure 22. Several specimens showed a decided 
absence of carbon-bearing areas, even in the portion of the tube 
opposite to the weld, as illustrated in Figure 22 B. This is some- 
times found in low-carbon steel. 

Figures 22 A and 23 show the line of weld in as-welded and swaged 
tubes having a wall thickness of 0.065 inch. The mechanical tests 
show that there was no indication of weakness at the weld even for 
the tubes the photomicrographs of which showed a line at the weld. 
In all cases the merging together of the metal at the weld joint appears 
to have been quite complete. 

The annealing following the swaging operation in the swaged- 
annealed tube appears to have removed in a quite effective manner 
the effect produced by the welding upon the structure of the metal at 
and near the weld and to have produced a quite uniform structure 
throughout the tube section. Figure 24 shows the structure of the 
metal at the weld in a tube having a wall thickness of 0.035 inch; this 
structure is not much different from that in the portion of the tube 
opposite to the weld. The 0.065 inch thick tubing showed similar 
results. 

In the rolled tubes the ferrite grains at and near the weld were 
elongated by the rolling, while those in the portions outside of the 
weld zone and the area covered by the rolling operation appeared to 
have been unaffected; that is, they remained more or less equiaxed. 
Figures 25 A and B are typical of these two structures. 


VI. DISCUSSION 
1. VARIATION OF OUTSIDE DIAMETER 


The swaged tubes had the most nearly constant outside diameter, 
as shown in Figure 3. The maximum difference of the four measure- 
ments was 0.008 inch, and 88 per cent of these tubes had a maximum 
difference of only 0.003 inch. 

The maximum difference of outside diameter of the rolled tubes 
was 0.009 inch, and 78 per cent had a maximum difference of 0.006 
inch. 

The maximum difference of outside diameter of the swaged-annealed 
tubes was 0.018 inch, and 85 per cent had a maximum difference of 
0.006 inch. 
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Figure 21.— Microstructure of specimen of as welded 
tube, taken at three locations in cross section. X 60 
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A. At the weld. Note the fuzzy dark-appearing patches which are 
the carbon bearing areas. 8B. Immediately adjacent to the weld. 
The upper half containing the sharply outlined dark specks is adja- 
cent tothe weld. C. Opposite to the weld. Normal structure of the 
unaffected metal. Etchant: 5 per cent solution of picric acid in alco- 
hol (for figs. 21-25, inclusive). (Tube No. 10: 2 inches outside diam- 
eter; wall thickness 0.035 inch.) 
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Figure 22.—Microstructure of specimen of as welded 
tube, taken at two locations in cross section. X 100 


A, At the weld. B. Opposite to the weld. (Tube No. 93: 1 inch 
outside diameter; wall thickness 0,065 inch.) 
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Figure 23.—Microstructure of specimen of swaged 


tube, taken in cross section at the weld. 100 
Note the apparent distortion of the metal at the line of weld, as evi- 

denced by the arrangement of the dark-colored patches. (Tube 
No. 92: linch outside diameter; wall thickness 0.065 inch.) 














Figure 24.—Microstructure of specimen of swaged- 
annealed tube, taken in cross section at the weld. 


x< 100 

The line of weld appears to have been effaced by the annealing treat 
ment following the swaging operation. (Tube No. 12: 2 inches out- 
side diameter; wall thickness 0.035 inch.) 
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FiGurE 25.— Microstructure of specimen of rolled tube, 


taken at two locations in cross section. * 100 


A. At the weld. B. 90° from the weld. The ferrite grains at the 
weld appear deformed while those in the portions away from the 
weld have been unaffected; that is, are in a more or less equiaxed 
condition. (Tube No. 108: 1 inch outside diameter; wall taickness 
0.049 inch.) 
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2. VARIATION OF THICKNESS OF WALL 


Because of the uniformity of thickness with which strip steel can 
be rolled, the finished tube will also have this uniformity. 

With the exception of the welds in the as-welded, cut-burr, and 
rolled tubes, but including the weld in swaged and swaged-annealed 
tubes, the maximum difference in thickness of wall was 0.003 inch; 
93 per cent showed a maximum difference of 0.002 inch and 57 per 
cent a maximum difference of 0.001 inch. 


3. TENSILE TEST OF FULL SECTION 


By varying the cold working a wide range of strengths can be 
obtained without appreciable change in the carbon content of the steel. 

The hard-rolled tubes had, on an average, the highest tensile 
strength and the lowest elongation. The swaged and the rolled tubes 
had practically the same tensile strength. The swaged-annealed 
tubes had a lower tensile strength and a lower ratio of yield point to 
tensile strength but a considerable increase in elongation. This is 


shown in Table 3. 
4. AXIAL CRUSHING TEST 


Cracks showed in some of the specimens at the weld on the outside 
edges of the folds, and these cracks seemed to be due, in most cases, 
to the difference in ductility between the weld and the base metal. 

The hard-rolled tubes, Nos. 104 and 107, had a high ratio of yield 
point to ultimate strength and a low elongation in the tensile test. 
In the axial crushing test these specimens failed by leaning over and 


crinkling locally at the top and the bottom on opposite sides of the 
specimen. This is probably due to the high ratio of yield point to 
ultimate strength and low ductility in compression. 


5. TORSION TEST 


In most of the tubes the failure occurred by buckling of the thin 
wall for a comparatively short distance. This failure is shown in 
Figure 9 for tubes Nos. 47, 58, and 61, and for these thin tubes may 
be explained by the compressive stresses on planes making an angle 
of approximately 45° with the axis. 

In the tubes with thicker walls, for example, tube No. 84, the tube 
keeps its circular cross section and the specimen twists quite uniformly 
along its entire length. 

The buckling did not begin at the weld of any of the specimens. 
None of the specimens fractured in the weld or in the base metal. 


6. HYDROSTATIC TEST 


The bursting strength of the tube was higher than the tensile 
strength of the circumferential strips cut from the tube. This increase 
of strength is probably due largely to the combination of longitudinal 
and transverse tensile stresses. 

With the exception of the annealed tubes, only one specimen, rolled 
tube No. 48, fractured in the weld. The bursting strength of this 
tube was higher than that of a number of other rolled tubes which 
fractured outside of the weld. 

Of the annealed tubes, one specimen, tube No. 33, fractured outside 
of the weld. ‘The average bursting strength of the remainder was 
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about 90 per cent of the bursting strength of the annealed speci- 
men which did not fracture in the weld. This indicates that the 
annealing process reduces the strength of the weld about 10 per cent 
below that of the base metal. 

Except for the annealed tubes, the locations of the fractures did 
not bear any definite relation to the welds. There is therefore no 
zone of weakness in the tube due to the welding operation. 


7. TENSILE TEST OF WELD 


There was not a complete agreement of the position of fracture in 
this test with the position in the hydrostatic test. The hydrostatic 
specimen of tube No. 48 fractured in the weld, and all the circum- 
ferential strips fractured outside of the weld. 

The fracture did not occur in the weld of any of the strips from as- 
welded or cut-burr tubes, nor did the fracture occur in the weld of 
any of the strips with the burrs ground off to make the thickness 
uniform at the weld. This showed that with the burr removed the 
weld was equally as strong as other elements of the tube in the re- 
duced section. 

The annealed specimens which fractured in the weld had a tensile 
strength equivalent to about 93 per cent of the base metal as deter- 
mined by testing strips with the weld outside of the reduced section. 

With the weld in the center as well as outside of the reduced 
section, comparative tensile strengths were obtained around the 
tube. These strengths did not indicate any zone of weakness near 
the weld. 

8 HARDNESS 


The curves es the variation of hardness around the tube 
i 


indicate that the wel 
at the weld. 

The swaging and rolling operations increase the hardness of the 
tube, and the hardness of the weld is correspondingly increased. 
There was no decrease of hardness adjacent to the weld of any of 
the tubes, but an increase at the weld as shown in Figure 19. The 
hardness at the weld of the annealed tubes is practically the same 
as the hardness of the tube. 


ng operation slightly increases the hardness 


9. FLANGING TEST 


The width of the flange is not a definite measure of the ductility 
of the tube at right angles to the axis because of the unknown factors 
which entered into this test. One of the unknown factors is the 
friction between the tube and the flaring tool, which seems to vary 
for the different tubes. Another factor is the compressive strength 
of the tube, for a number of the tubes started to crinkle below the 
flaring tool, due to the axial load, before the maximum flange could 
be formed. 

VII. CONCLUSIONS 


This investigation was made for the purpose of determining the 
physical properties of low carbon steel tubing. The tubing was 
formed from strip steel and electrically welded under pressure by 
the resistance method. The tubes varied in outside diameter from 
five-eighths inch to 3 inches and in wall thickness from 0.028 to 0.120 
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inch, inclusive. The results seem to warrant the following con- 
clusions : 

1. The maximum difference in the outside diameter of the swaged 
tubes (four measurements at 45° intervals) was 0.008 inch, and 88 
per cent of these tubes did not exceed 0.003 inch; for the rolled tubes 
the maximum difference was 0.009 inch, and 78 per cent did not 
exceed 0.006 inch; for the swaged-annealed tubes the maximum 
difference was 0.018 inch, and 85 per cent did not exceed 0.006 inch. 

2. With the exception of the welds of the as-welded, cut-burr, and 
rolled tubes, but including the weld of the swaged and swaged- 
annealed tubes, the maximum difference of the four measurements 
of the wall thickness was 0.003 inch; 93 per cent did not exceed 
0.002 inch, and 57 per cent did not exceed 0.001 inch. 

3. For the swaged-annealed tubes the tensile strength was greater 
than the compressive strength. The average strengths are 51,000 
lbs./in.2? in tension and 46,000 lbs./in.2 in compression. For the 
other tubes the strength was practically the same in tension and 
compression. The average value for as-welded and cut-burr tubes 
is 54,000 lbs./in.?, for swaged tubes 58,000 Ibs./in.”, for rolled tubes 
56,000 lbs./in.*, and for hard-rolled tubes 74,000 lbs. /in.? 

The average yield point in tension of the as-welded and cut-burr 
tubes was about 90 per cent of their average tensile strengths (mini- 
mum, 76 per cent), swaged tubes about 93 per cent (minimum, 83 per 
cent), rolled tubes about 91 per cent (minimum, 83 per cent), hard- 
rolled about 95 per cent (minimum, 93 per cent), and swaged-annealed 
tubes about 71 per cent (minimum, 67 per cent). 

The average elongation of as-welded and cut-burr tubes in 2 inches 
was about 34 per cent and in 8 inches 20 per cent; of swaged tubes 
in 2 inches 28 per cent and in 8 inches 12 per cent; of rolled tubes in 
2 inches 36 per cent and in 8 inches 15 per cent; of hard-rolled in 2 
inches 8 per cent and in 8 inches 3 per cent; of swaged-annealed 
tubes in 2 inches 48 per cent and in 8 inches 31 per cent. 

4. In the torsion test the average shearing stress in the extreme 
fibers at the proportional limit for the swaged tubes was 22,610 
lbs./in.?, for the rolled tubes 22,190 lbs./in.”, and for the hard-rolled 
tubes 30,310 lbs./in.? No fracture occurred in the weld or in the base 
metal of any of the specimens even when twisting was continued after 
the ultimate torque was reached. 

5. In the hydrostatic test the average bursting strength of 10 as- 
welded and cut-burr tubes was 60,060 lbs./in.?, of 9 swaged tubes 
62,550 lbs./in.*, of 9 rolled tubes 59,800 lbs./in.”, of 2 hard-rolled tubes 
79,950 lbs./in.2, and of 6 swaged-annealed tubes 47,840 lbs./in.? 
The bursting strengths of the tubes which failed near the weld were 
practically the same as those of the tubes which failed at a distance 
from the weld. The average bursting strength of the five swaged- 
annealed tubes that fractured in the weld was about 90 per cent of the 
bursting strength of the tube that fractured outside of the weld. 

6. The average tensile strength of the circumferential strips cut 
from the tube was practically the same as the longitudinal tensile 
strength of the tube. An exception to this was the tensile strength 
of the strips from the two swaged-annealed tubes that fractured in 
the weld, and the average strength of these was about 93 per cent of 
the strength of the base metal. 
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7. The average Rockwell number, using a \¢-inch steel ball and a 
100-kg load, was about 65 for as-welded and cut-burr tubes, 73 for 
swaged and rolled tubes, 86 for hard-rolled tubes, and 54 for swaged- 
annealed tubes. There was a gradual increase of hardness near the 
weld of all tubes excepting the swaged-annealed, which were prac- 
tically uniform. 

8. The microscopic examination showed that there was no over- 
heating or burning of the metal at the weld. The edges at the seam 
were heated to the welding temperature and immediately forced 
together. Apparently there are no more inclusions at the weld than 
in the base metal. 

9. This investigation shows that, except in the case of swaged- 
annealed tubing, the properties of the base metal (the metal not 
affected by the welding operation) can be used in determining the 
working stresses for different structural uses of tubing made by the 
process used in the manufacture of this electrically welded tubing, 
no allowance being necessary for the altered structure in and adjacent 
to the weld. The properties at and near the weld for annealed tubing 
are sometimes slightly lower than the properties for the base metal. 


WaAsHINGTON, July 15, 1929. 
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EVOLUTION OF HYDROGEN SULPHIDE FROM 
VULCANIZED RUBBER 


By Edward Wolesensky 


ABSTRACT 


The rubber-sulphur compound in vulcanized rubber splits off hydrogen sul- 
phide at all times and at all temperatures between 25° C. and the temperature of 
complete thermal decomposition. The rate of evolution of the gas depends upon 
the temperature, time, the proportion of combined sulphur, and possibly other 
factors. The reaction affords a new explanation of the formation of hydrogen 
sulphide during vulcanization, and possibly also, in part at least, of the excess of 
combined sulphur over that required by the formula C;H;S. It may also be 
another factor in aging, though, perhaps, only a minor one, and presents a new 
problem in the regeneration of rubber. 
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I. INTRODUCTION 


In the course of some experiments on the devulcanization of rubber, 
evidence of the liberation of hydrogen sulphide from the heated rub- 
ber was obtained. Questions immediately arose as to the extent and 
the conditions under which hydrogen sulphide is liberated from vul- 
canized rubber at elevated temperatures, and the bearing of this reac- 
tion on the desulphurization and regeneration of rubber. 

_ The scientific literature affords very little information on this sub- 
ject. Furthermore, the testimony of different writers is very con- 
flicting and, on the whole, unsatisfactory. 


II. SURVEY OF PAST WORK 


Payen' long ago claimed that from the beginning of the reaction of 
sulphur with rubber, at 135° to 160° C., and during the entire time of 
its continuation a slow disengagement of hydrogen sulphide takes 
place. He concluded that the sulphur replaces some of the hydrogen 
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in the rubber: hydrocarbon. Burghardt,’ Pahl,’ and Bell‘ (who 
claimed that the escape of hydrogen sulphide during vulcanization 
was a matter of common knowle ge among rubber manufacturers) 
likewise adopted the “substitution” theory of vulcanization, as did 

also Terry ° at first, though later * he accepted the “addition ” theory 
of Weber and others. Bysow ’ claimed that at temperatures up to 

150° C., and, therefore, in ordinary vulcanization, there is no chemical 
combination between rubber sp me but when the mixture is 
heated to 160° C. the temperature rises quickly to 215° C., with 
evolution of hydrogen sulphide. In the latter case, however, accord- 
ing to Bysow, the product is no longer vulcanized rubber, but a hard, 
porous, and worthless mass. Weber,’ on the other hand, claimed 
that when the purest rubber hydrocarbon i is used it reacts with sul- 
phur during vulcanization without disengaging even a trace of hydro- 
gen sulphide, that the very small amounts of this gas which are 
evolved when ordinary commercial rubber is used are formed by the 
interaction of the “insoluble”? component of rubber (C39HggO.0) with 
the sulphur, and that the reaction between rubber hydrocarbon and 
sulphur is an addition process. This view was also accepted by 
Schidrowitz,® Perkin,”® Iterson," Stevens,” and Bedford and Gray," 
as well as others.“ In this connection should be noted a rather sur- 
prising statement by Potts,’® who says, ‘(Rubber has a molecule with 
two double bonds and the sulphur adds on with evolution of H,S. 
Vulcanization is thus saturation.”’ Is this a misstatement of Potts’s 
views, or did he really know that hydrogen sulphide is split off from 
the rubber-sulphur compound? He gives no data to support the 
latter view. 

In a recent paper Stevens and Stevens " claim to have found com- 
bined sulphur in hard rubber considerably in excess of that required 
for the formula C;H,S; they account for the excess by assuming 
replacement of hydrogen to a certain extent, with the formation of 
some hydrogen sulphide. 

In all of the above-mentioned work the various investigators were 
interested in the formation of hydrogen sulphide only as a part of, or 
incidental to, the vulcanization process, and none of them appeared 
to consider the possibility of the splitting off of hydrogen sulphide 
from the rubber-sulphur compound after the latter is formed. 

Burghardt ” observed that when vulcanized rubber is decomposed 
by the action of oils, the free sulphur is eliminated ‘‘ probably as sul- 
phuretted hydrogen,” but he submitted no data to support this 
surmise. 
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Ahrens '* assumed the splitting off of hydrogen sulphide to account 
for a rather large decrease in both free ma combined sulphur on 
aging, but he likewise gave no experimental evidence to support his 
assumption. 

Dubosc ** observed a copious evolution of hydrogen sulphide when vul- 
canized rubber (from automobile tires) is subjected to destructive distil- 
lation. But he did not determine the amount of hydrogen sulphide 
formed; he merely assumed that all of the sulphur in the rubber is elim- 
inated in this form. Itisrather unusual for such decompositions to 
take place completely and quantitatively. Furthermore, it is quite 
obvious that owing to the particular design of his apparatus, the tem- 
peratures registered by his thermometer were entirely too low; for 
he states that the highest temperature reached in his experiment was 
245° C., at which point there was no further evolution of any gas and 
the rubber was completely carbonized, and, in fact, largely converted 
into coke, an hour and five minutes after heating was started. In 
the experience of the present writer, soft vulcanized rubber does not 
even begin to melt as 245° C., much less to char; and after being 
heated at 285° to 289° C. on a glycerine bath for 5 hours, although it 
is melted at this temperature it is still far from being completely 
carbonized; on the contrary, after cooling it still retains much of its 
rubbery character. 

The above brief survey represents the state of our knowledge of the 
evolution of hydrogen sulphide from vulcanized rubber previous to 
the present work. The only one of the shaniecmenatenih investiga- 
tors who observed this reaction experimentally and apart from the 
vulcanization process was Dubosc, and he did little more than to 
identify the hydrogen sulphide qualitatively. It was believed that 
the reaction deserved closer study, and, accordingly, the present 
investigation was undertaken. 

Since the completion of the work described in the following pages 
there has appeared a paper by Fry and Porritt *® on the causes of the 
deterioration of hard rubber. This will be considered later in the 
present paper. 


III. GENERAL PROCEDURE 


The general procedure was to heat the rubber sample in an appro- 
priate vessel, such as a large test tube, a small Kjeldahl flask, or a 
special glass cylinder, through which was passed a stream of oxygen- 
free nitrogen, and pass the effluent gases through a solution of lead 
acetate acidified with acetic acid, or in some cases, when a qualitative 
test only was desired, into a tube containing a strip of filter paper 
moistened with lead-acetate solution. The lead sulphide which was 
formed in the lead-acetate solution was then rinsed out into a beaker, 
filtered off on a weighed Gooch crucible, washed, dried at 120° C., 
and weighed. In a number of cases the lead sulphide thus obtained 
was dissolved in strong nitric acid, the solution evaporated to dryness, 
heated with an excess of a solution of sodium carbonate, filtered, 
acidified slightly with hydrochloric acid, precipitated with barium 
chloride, and the barium sulphate thus obtained was weighed in the 
usual manner. Since the two sulphur determinations thus made 
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always agreed very closely, the oxidation of the lead sulphide by nitric 
acid and its precipitation as barium sulphate was later omitted. 

The source of nitrogen was a cylinder of the commercial gas. This 
was washed before passing it into the vessel containing the rubber 
sample by leading it through two absorption tubes each containing 
approximately 50 ml of a nearly saturated solution of alkaline 
pyrogallol—10 g of pyrogallic acid dissolved in 25 ml H,O and treated 
with 25 ml of a 33 per cent solution of sodium hydroxide—then 
through a tube containing concentrated sulphuric acid if dry nitrogen 
was desired, or through one or two tubes containing water if moist 
nitrogen was desired. Practically all of the oxygen in the nitrogen 
was absorbed in the first pyrogallate tube, the solution in the second 
tube remaining transparent and light brown in color for weeks at a 
time. As soon as the solution in this second tube became very dark 
and nearly opaque, fresh solutions were substituted in both tubes. 

The absorption tubes were made of long pieces of glass tubing, 
about 10 mm inside diameter, held in a nearly horizontal position 
with the ends turned up vertically for a length of about 12 to 15 cm 
at each end. The nearly horizontal section of the tube was 90 to 95 
em long, and at the entering end dipped sharply downward about 2 
to 3 cm below the main portion of the tube before turning upward. 
These tubes were usually placed at such an angle as to require about 
30 seconds for the bubbles to traverse the entire length of the tube. 
Similar tubes were used for the absorption of the hydrogen sulphide, 
one such tube being generally sufficient to absorb this gas completely. 
When the hydrogen sulphide was evolved rapidly a second lead- 
acetate tube was added merely as a check on the efficiency of the first 
tube, but only in one case was any precipitate formed in the second 
tube. 

The various parts of the apparatus were joined together by means 
of rubber connectors, but the glass parts were pushed together as 
close as possible so as to leave a minimum of the rubber surface 
exposed to the gases within the apparatus. It is not believed that 
any appreciable errors in the results were introduced by this arrange- 
ment. When the decomposition chamber was empty, a stream of 
nitrogen could be passed through the apparatus for three days and 
nights without forming any appreciable amount of precipitate in the 
lead-acetate solution. 

The vessel containing the rubber sample was heated in a Freas oven 
for temperatures of 150° C. or less, in a glycerine bath for temperatures 
above 150° C. up to 290° C., and over a small free flame in the experi- 
ments on destructive distillation. The nitrogen was passed through 
the apparatus at the rate of about 20 to 25 bubbles per minute, and 
the flow of gas was continued overnight, after heating had been 
discontinued, to sweep out of the apparatus all of the hydrogen sul- 
phide which had been disengaged during the heating 


IV. EXPERIMENTS 
EXPERIMENT 1 


A sample of soft vulcanized rubber, weighing 3.3953 g and con- 
taining 3.71 per cent of combined sulphur, 1.15 per cent of free 
sulphur, and no fillers or pigments, was used. This was heated for 
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5 hours in a stream of undried oxygen-free nitrogen in a glycerine 
bath at a temperature of 285° to 289° C., the effluent gases being 
passed into a solution of lead acetate acidified with acetic acid. The 
temperature of the glycerine bath was raised to 285° C. in about one 
hour. The presence of hydrogen sulphide in the effluent gases was 
first noted at a bath temperature of 124° C., and was indicated by a 
light-brown ring at the surface of the lead-acetate solution. The 
rubber melted at 270° to 275° C. The lead sulphide formed in the 
lead-acetate solution was filtered off on a Gooch crucible, washed, and 
dried. It weighed 0.1032 g, representing 0.0138 g of sulphur, or 
8.38 per cent of the total sulphur in the original sample of rubber. 

The lead sulphide, after being weighed, was converted into barium 
sulphate in the manner already described. The barium sulphate thus 
obtained weighed 0.1012 g. The calculated yield of barium sulphate 
from the lead sulphide used, is 0.1007 g. 


EXPERIMENT 2 


This experiment was very similar to the preceding, the chief 
difference being that the rubber was first extracted with acetone 
for 10 hours. By heating 4.9941 g of the extracted rubber at 250° C. 
for one and one-half hours, 0.0348 g of lead sulphide was obtained. 
This gives a rate of 4.6 mg of lead sulphide per gram of rubber per 
hour. Another sample which had not been extracted, and which 
was heated at the same temperature for two hours, yielded 0.0770 g 
of lead sulphide from 4.0834 g of rubber, or at the rate of 9.4 mg of 
lead sulphide per gram of rubber per hour. 

Since the hydrogen sulphide is formed even in the absence of free 
sulphur it must come at least in part from the rubber-sulphur com- 
pound itself. The difference in the rates of evolution of the gas 
from extracted and unextracted rubber may be due in part to the 
interaction of free sulphur with some of the nonrubber components, 
as has been shown by the work of Bedford and Gray. It may arise 
also in part, as will be shown later, from the higher proportion 
of combined sulphur resulting from further vulcanization which 
undoubtedly took place. 

At this point, however, the reader should be warned that a strict, 
quantitative comparison of the results herein described is not possible 
in most cases, since the experiments were not designed with that in 


view. 
EXPERIMENT 3 


For this experiment the vulcanized rubber was extracted with 
a number of reagents for the purpose of removing the nonrubber 
constituents as far as possible. It was first extracted with acetone for 
12-hours, then with chloroform for six hours, after which it was 
digested on the steam bath for four hours with a solution of 8 g of 
potassium hydroxide in 175 ml of alcohol, followed by digestion for 
four hours with 200 ml of a 10 per cent solution of acetic acid in alco- 
hol, and for four hours more with 200 ml of a 10 per cent aqueous 
solution of this acid. It was finally allowed to stand for about 16 
hours in alcohol, after which it was dried in a vacuum at ordinary 
temperature and then once more extracted with acetone for four 
hours. The product after drying contained 3.35 per cent of combined 
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sulphur. A sample of the extracted material, weighing 6.3596 ¢, 
was heated in a stream of undried nitrogen as in the preceding experi- 
ments. The temperature was raised to 285° C. in about two hours, 
and then held at 285° to 290° C. for three and one-fourth hours. The 
lead sulphide obtained weighed 0.0792 g, representing 0.0106 g of 
sulphur, or 4.97 per cent of the sulphur present before heating was 
started. The lead sulphide here obtained was again converted into 
barium sulphate, and the latter weighed 0.0763 g instead of the 
theoretical 0.0772 g. 

On repeating the experiment with another sample of rubber sim- 
ilarly prepared, but heating it in dry nitrogen, similar results were 
obtained. 

EXPERIMENT 4 


In this experiment an attempt was made to remove the nonrubber 
constituents from the crude rubber before vulcanizing. One hundred 
and twenty-five grams of pale crépe were digested in an autoclave for 
seven hours at 200° C. with 800 ml of a 2 per cent solution of sodium 
hydroxide. This treatment was repeated with a fresh solution of the 
same composition. Then the rubber was similarly digested with 
two successive portions of 800 ml of a 2 per cent solution of sulphuric 
acid for two periods of seven hours each, followed by another diges- 
tion for seven hours with sodium hydroxide in the same manner as 
before. It was then digested for seven hours on the steam bath with 
a dilute solution of hydrochloric acid consisting of 2 volumes of water 
and 1 volume of concentrated HCl, then overnight with a dilute 
solution of ammonium hydroxide, then for 24 hours with alcohol, and 
finally dried in a vacuum oven at 100°C. The rubber was then mixed 
with 8 per cent of sulphur and vulcanized for four hours in a vulcaniz- 
ing press at 40-pound steam pressure. The vulcanized rubber was 
crumbled on the compounding mill and digested for seven hours at 
room temperature in concentrated hydrochloric acid and overnight on 
the steam bath with dilute hydrochloric acid to remove iron intro- 
duced during milling. It was next digested on the steam bath for 
seven hours with water, then for 24 hours at room temperature with 
alcohol, dried in a vacuum oven at 100° C., and finally extracted with 
acetone for two days. It now contained 2.53 per cent of combined 
sulphur and 0.03 per cent of nitrogen, the latter being determined by 
Kjeldahl digestion and titration. 

A sample of this rubber, weighing 18.5 g, was heated at various 
temperatures and for various periods of time as shown in Table 1, 
with the results indicated. 


TABLE 1.—Thermal decomposition of vulcanized rubber! 


IN DRY NITROGEN 











Time of 


heating Amounts of PbS obtained 


Temperatures (°C.) 








14 ~~ ring at surface of lead-acetate solu- 
ion, 

Slightly more. 

Still more. 








1 Weight of sample, 18.5g. Combined S, 2.53 per cent, 
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TaBLE 1.—Thermal decomposition of vulcanized rubber—Continued 
IN MOIST NITROGEN 





Time of 


heating Amonnts of Pbs obtained 


Temperature (°C.) 





Hours 
None. 

Slight ring. 

Stronger reaction. 

Good test. 

None. 

Slight reaction with lead-acetate paper. 











AGAIN 





0.0062 g PbS. 
0.0105 g PbS. 











The test for hydrogen sulphide appeared to be more difficult to 
obtain when moist nitrogen was used instead of the dry gas. For 
this the writer is unable to give a satisfactory explanation. How- 
ever, similar results were obtained in other experiments under similar 
conditions. At any rate the evidence fails to show an increased 
evolution of hydrogen sulphide in the presence of moisture. 


EXPERIMENT 5 


An attempt was made in this experiment to purify the rubber as 
much as possible in the latex form by means of the alkali-digestion 
method, essentially as recommended by Pummerer.”’ Six hundred 
milliliters of ammonia-preserved latex were mixed with 600 ml of 
an 8 per cent solution of sodium hydroxide and 1 liter of water. 
The mixture was digested at about 50° C. for 48 hours, with frequent 
shaking during the day, in a stoppered flask from which the air had 
been displaced by nitrogen. At the end of the second day the flask 
was nearly filled with water and the rubber allowed to “‘cream” over- 
night. The lower layer (clear) was then siphoned off. This treat- 
ment was repeated three more times, but the digestion was continued 
for only 24 hours each time. The last time this was done the rubber 
failed to ‘‘cream”’ after several days, and 75 g of sodium chloride were 
dissolved in the liquid, after which the rubber separated from the 
aqueous solution sharply within 24 hours. After siphoning off this 
last solution, the rubber was washed by filling the flask with water, 
shaking thoroughly, allowing it to cream and siphoning off the clear 
solution. This cycle of operations was carried out about ten times, 
until the spontaneous coagulation of the rubber made further wash- 
ing in this manner impracticable. As the washing proceeded it was 
found necessary to add increasing amounts of sodium chloride to 
induce separation of the rubber from the aqueous solution. At the 
end the aqueous solution, after being acidified with acetic acid and 
filtered to remove remaining particles of suspended rubber, still re- 
duced an alkaline solution of permanganate, but did not give a dis- 
tinct biuret reaction. 

The rubber thus obtained was washed for a few minutes on the 
mill (corrugated rolls) and dried in a vacuum oven at 100° C. It 





4 Kautschuk, 2, p. 85, 1926. 
98046°—30——-4 
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was then mixed with 8 per cent of sulphur and vulcanized in a press 
at 40-pound steam pressure for 6.5 hours. About 35 g of the product 
were crumbled on the mill and extracted for two days with acetone, 
The rubber then contained 7.37 per cent of sulphur (combined) and 
0.03 per cent of nitrogen, the latter being determined by Kjeldahl 
digestion followed by a colorimetric estimation with Nessler’s reagent. 

A sample of this extracted product, weighing 27.6 g, was heated 
in a stream of dry nitrogen as shown in Table 2 with the results 
indicated. 

TABLE 2.—Thermal decomposition of vulcanized rubber ! 








Amount 
of PbS 
obtained 


: Amount | 

dane dad of PbS || Temperature (°C.) 
eating | obtained || 
1] 


Time of 


Temperature (°C.) heating 








Hours g 

0. 0162 
egal - 1019 
1 a y } . 0369 


1 Weight of sample, 27.6 g. Combined S, 7.37 per cent. 2 Slight ring over lead acetate 














These results show that the rate of evolution of the hydrogen 
sulphide increases with rise in temperature, and the last two results 
show that for a given temperature the rate of evolution decreases 
with duration of heating. Here again it should be noted, however, 
that the results do not show the true rates of evolution of the gas for 
the several temperatures, since the same sample of rubber was used 
throughout the experiment, and was, therefore, already partly decom- 
posed before being subjected to each of the individual tests. 


EXPERIMENT 6 


Crude rubber was purified in the latex form and vulcanized as in 
the preceding experiment. About 40 g of the vulcanizate were 
crumbled on the mill and digested for 6 days at 50° to 60° C., with 
frequent shaking, with a solution of 15 g of potassium hydroxide in 
600 ml of alcohol. The alkaline solution was then replaced with a 
fresh solution of the same composition, and the digestion continued 
for 9 days more or 15 daysinall. It was then digested at 50° to 60° C. 
with water for 20 days, the water being changed twice daily, then for 
24 hours at room temperature with two successive portions of alcohol, 
dried in a vacuum at room temperature, and finally extracted with 
acetone for 3 days. The product then contained 7.13 per cent of 
combined sulphur and 0.01 per cent of nitrogen. 

A portion of this material weighing 28.2 g was heated in a stream 
of dry nitrogen, with results as shown in Table 3. 


TABLE 3.—Thermal decomposition of vulcanized rubber } 





: Amount 
| Time of | “of pps 


| heating | obtained 


: Amount 
Time of of PbS 


rE 
Temperature (°C.) heating | obtained 


Temperature (°C.) 




















1 Weight of sample, 28.2g. Combined S, 7.13 per cent. 2 Not determined. 
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These results confirm in a general way those of preceding experi- 
ments, and lead to the same general conclusions. It should be noted, 
however, that a distinct test for hydrogen sulphide was obtained at 
room temperature, a fact which had not been observed in previous 
experiments. This is probably due to the fact that a longer period 
was allowed for action and that the proportion of combined sulphur 
in the rubber was higher than in most of the previous experiments. 

After the above heating, the sample of rubber weighed 27.2 g and 
contained 6.98 per cent of sulphur. 


EXPERIMENT 7 


Samples of the final product obtained in the last experiment were 
subjected to destructive distillation in an atmosphere of nitrogen. 
The rubber was placed in a large test tube through which a stream of 
oxygen-free nitrogen was passing, and heated carefully over a small 
free flame until the material first melted, then gradually charred, and 
at the end left only carbon and a heavy oil in the tube. The effluent 
gases were passed through an absorption tube containing lead acetate. 
Hydrogen sulphide was disengaged rapidly during the early part of 
the decomposition, so rapidly, in fact, that in some cases, when the 
heating was too vigorous, some of the gas escaped absorption even 
though two lead acetate tubes were used in series. In one such 
decomposition, 1.0233 g of rubber, containing 6.98 per cent of sul- 
phur, yielded 0.2668 g of lead sulphide, representing 0.0357 g of 
sulphur, or 3.49 per cent of the rubber sample. The lead sulphide 
was converted into barium sulphate in the manner previously de- 
scribed. The latter compound weighed 0.2595 g, or about 99.7 per 
cent of the theoretical 0.2603 g. There is reason to suspect that 
some of the hydrogen sulphide, though very little, escaped absorp- 
tion in this case, the decomposition of the rubber having been 
accomplished in about one and one-fourth hours. 

In a second determination in which the heating covered a period of 
about two and one-half hours, and in which all of the hydrogen 
sulphide was absorbed in the first lead-acetate tube, 0.5020 g of rubber 
yielded 0.1423 g of lead sulphide, representing 0.0192 g of sulphur, or 
3.82 per cent of the rubber sample. 

It will be noted that in the last determination 54.7 per cent, or more 
than one-half of the sulphur in the rubber sample was split off as 
hydrogen sulphide, but this rubber fad already lost some hydrogen 
sulphide, in the preceding experiment, so that the real proportion of 
sulphur lost in this way was actually larger than the above results 
indicate. 

EXPERIMENT 8 


Hard rubber made from pale crépe and sulphur, and containing 
about 30 per cent of combined sulphur and 1 per cent of free sulphur, 
was used for this experiment. When freshly disintegrated, as by 
means of a carborundum wheel or a steel rasp, the rubber evolved 
hydrogen sulphide at ordinary temperatures so copiously that it 
could be easily detected by its odor. Lead-acetate paper suspended 
in a bottle containing a few grams of the hard-rubber dust was dis- 
colored immediately, and was black after 10 to 15 minutes. The rate 
of evolution decreased rapidly, however, and after a week or 10 days 
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the gas was coming off so slowly that the lead-acetate paper was dis. 
colored only after two to three hours. At the end of four months, 
however, the powder still evolved the gas. The above behavior was 
observed not only in powder prepared from freshly vulcanized hard 
rubber, but also in that from hard rubber which was 4 months old. 

A slab of hard rubber was heated for an hour at 100° C. under a 
pressure of less than 1 mm and allowed to cool in this vacuum. When 
this rubber was converted into powder, the behavior as regards evolu- 
tion of hydrogen sulphide was exactly like that already noted, so far 
as qualitative tests could show. 

In the form of slabs, the hard rubber evolves hydrogen sulphide at 
room temperature much more slowly than in powdered form, but 
nevertheless continuously, and apparently indefinitely. Two slabs 
of hard rubber, about 4 months old and weighing together about 
150 g, when inclosed in a jar, discolored lead-acetate paper appreciably 
in two hours. 

A quantity of hard rubber was converted into fine shreds by means 
of a steel rasp, extracted with acetone for three days, or about 21 
hours, and left immersed in acetone at room temperature during the 
three intervening nights, or 72 hours in all. It then contained 29.80 
per cent of sulphur. : 

Twenty-five grams of the extracted material were subjected to 
various temperatures in a stream of dry nitrogen, with the results 
given in Table 4. 


TABLE 4.—Thermal decomposition of hard rubber ! 








: Amount 
Time of of PbS 


heating obtained 


: Amount 
Time of of PbS | 


wee Temperature (°C.) 
heating | obtained 


Temperature (°C.) 





Hours g ae, 
1 


1 


4 
6 
5 
8 
5 


Fi 
48 























1 Weight of sample, 25 g. Combined S, 29.8 per cent. 
2 Barely perceptible. 
3 Not determined. 


a 

These results when compared with those of previous experiments 
show that the amount of hydrogen sulphide evolved increases with 
the proportion of combined sulphur. This is particularly noticeable 
at the higher temperatures. 

After three months, the material which had been used in the above 
decomposition experiments was subjected to reduced pressure of about 
28 to 30 mm at room temperature for four days, during which air was 
frequently admitted in order to remove the salbaann hydrogen 
sulphide. It was then put into a tightly stoppered bottle oi a strip 
of lead-acetate paper was suspended within. The paper was distinctly 
discolored in 1 hour, light brown in 5 hours, dark brown in 24 hours, and 
black in 48 hours. 
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EXPERIMENT 9 


Some of the same hard rubber which was prepared for the preceding 
experiment, thoroughly extracted with acetone, and containing 29.80 
per cent of sulphur, was subjected to destructive distillation in a 
stream of nitrogen, in the same manner as already described in experi- 
ment 7 with soft rubber. From 0.2587 g of the hard rubber, 0.3556 g 
of lead sulphide were obtained, representing 0.0476 g of sulphur, or 
61.8 per cent of the sulphur in the rubber sample. 

In a second determination, 0.2599 g of the extracted hard rubber 
yielded 0.3607 g of lead sulphide, representing 62.4 per cent of the 
sulphur in the rubber sample. 


EXPERIMENT 10 


Two different stocks of soft rubber, one containing 3.71 per cent 
of combined and 1.15 per cent of free sulphur, the other containing 
2.12 per cent of combined and 2.70 per cent of free sulphur, which had 
been vulcanized and then poms on the mill more than two years 
previously, and which had been kept in tightly closed, tinned cans, 
were still giving off hydrogen sulphide, as indicated by strips of lead- 
acetate paper suspended within the cans. The same results were 
obtained after these samples of rubber had been thoroughly aired by 
spreading them on a table for a week. To make certain that this 
hydrogen sulphide was not some which had been held in solution or 
absorbed in the rubber, 60 g portions of each of these soft rubbers 
were extracted with acetone for two and one-half days, in the intervals 
of which the rubber also stood immersed in acetone during four nights 
and one and one-half additional days. When placed in closed vessels 
these extracted rubbers still discolored strips of lead-acetate paper 
— three to four hours and turned them black within two to three 

ays. 
V. DISCUSSION 


It is evident that all vulcanized rubber is at all times disengaging 
hydrogen sulphide to a greater or less extent at least at and above 
25° C. This hydrogen sulphide is produced, at least in part, and in 
some cases unquestionably the greater part, especially at elevated 
temperatures, by splitting off from the rubber-sulphur compound 
directly—not merely during, nor as a part of the vulcanizing process, 
but after combination of rubber with sulphur has taken place. This 
is evidenced not only by the evolution of the hydrogen sulphide when 
there is no free sulphur present and the nonrubber constituents have 
been largely removed, but also by the fact that more than 60 per cent 
of the combined sulphur in hard rubber can be thus removed. Of 
course, it is possible that under the conditions of destructive distilla- 
tion the decomposition may follow a different course from that at 
lower temperatures; but this is not at all certain. The significant fact 
remains that the same product, hydrogen sulphide, is formed at all 
temperatures from 25°C. to the temperature of complete decomposi- 
tion, considerably above 300° C. 

The increase in the rate of evolution of the gas with rise in tempera- 
ture or proportion of combined sulphur, and its decrease with time at 
constant temperature,which have already been noted,are quitenormal 
phenomena, 
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The influence of free sulphur and acetone-soluble nonrubber con- 
stituents has already been noted and adequately accounted for, 
although it is possible that these substances, as well as other impuri- 
ties, may influence the results in still other ways. 

Since the decomposition of the rubber-sulphur compound is going on 
continuously at and above ordinary temperatures, and since the rate 
of decomposition at constant temperature is continually decreasing 
it is obvious that the rate at which hydrogen sulphide will be evolved 
from a given sample of vulcanized rubber at any given time and tem- 
perature will depend to some extent upon the previous history of the 
sample and its condition or state of decomposition. For this reason 
the results obtained in any particular case are likely to be affected in 
a measure by the method of preparation or purification of the rubber 
sample, quite apart from the degree of purity attained. It is even 
possible that the degree of polymerization or depolymerization may 
have some influence upon this decomposition. 

Since the decomposition of the rubber-sulphur compound takes 
place to an appreciable extent at the usual temperatures of vulcaniza- 
tion, it is at least partly responsible for the liberation of hydrogen 
sulphide during vulcanization. Furthermore, this splitting off of 
hydrogen sulphide from the rubber-sulphur compound during vul- 
canization may result in additional unsaturation in the rubber mole- 
cule, which may presumably be saturated again by taking up more 
sulphur. This may account for at least a part of the excess of com- 
bined sulphur above the theoretical limit required by the formula 
C;H,S, as recently noted by Stevens and Stevens. 

In the absence of sulphur this unsaturation may provide further 
opportunity for the addition of oxygen. Both the loss of hydrogen 
sulphide and its replacement by oxygen, if carried far enough, would 
certainly result in important changes in the properties of rubber. The 
evolution of hydrogen sulphide at ordinary or slightly elevated tem- 
peratures is very slow, but, because of the unknown losses of hydrogen 
sulphide occurring between vulcanization and testing, particularly 
during the process of purification, and because of other factors which 
have not yet been evaluated, the real change may be more important 
than the above results indicate. When such changes continue for 
months and years it is conceivable that their effect upon the properties 
of vulcanized rubber may be quite appreciable. The spontaneous 
decomposition of the rubber-sulphur compound would thus appear 
to deserve some consideration as a possible factor in aging. 

Finally, since the spontaneous decomposition of the rubber sulphur 
compound results in the removal from the rubber molecule of not 
only sulphur but also of hydrogen, this reaction presents another 
problem in the true regeneration of rubber from old vulcanized 
articles. 

Fry and Porritt found that hydrogen sulphide is evolved from hard 
rubber at ordinary temperatures in diffused sunlight and air, due to the 
decomposition of the rubber-sulphur compound, and that the rate of 
evolution is increased by exposure to direct sunlight, as well as by a 
rise in temperature. These conclusions agree in the main with those 
reached in the present work, except as to the influence of light, which 
was not systematically investigated by the present writer. 

That light should have some influence on this reaction is not unrea- 
sonable, Fry and Porritt, however, state that in the absence of light 
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they were unable to detect any evolution of hydrogen sulphide. This 
does not agree with the observations of the present writer, since in 
the majority of experiments herein described the rubber was protected 
from light of all kinds. Nevertheless, the evolution of hydrogen 
sulphide from both hard and soft rubber, in total darkness, was 
repeatedly observed, both at ordinary and at elevated temperatures. 


VI. SUMMARY 


It has been found that the rubber-sulphur compound in vulcanized 
rubber begins to split off hydrogen sulphide as soon as it is formed, 
and continues to do so at all temperatures between 25° C. and the 
temperature of complete decomposition of the rubber in destructive 
distillation above 300° C. 

The rate of evolution of hydrogen sulphide from any particular 
sample of rubber depends upon the temperature, time, the proportion 
of combined sulphur, and possibly the-condition of the rubber. 

This reaction affords an additional explanation of the formation of 
hydrogen sulphide during vulcanization and, through the possible 
production of further unsaturation in the rubber, may afford a new 
explanation of at least part of the excess of combined sulphur over 
that required by the formula, C;H,S. 

The reaction may also be another factor in aging, and presents a 
new problem in the regeneration of rubber from old, vulcanized 
products. 


Wasuineton, December 16, 1929. 
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REDUCTION OF DATA ON MIXTURE OF COLOR STIMULI 
By Deane B. Judd 


ABSTRACT 


Proof is given that any set of distribution curves may be assigned luminosity 
coefficients giving the same luminosity sum as any other set of distribution 
curves embodying the same mixture data. Two methods of computing such 
luminosity coefficients are described and these methods are applied to four specific 
transformations of the O. 8. A. “‘excitation”’ curves. By actual computation 
(for four filters) of dominant wave length, colorimetric purity, and transmission 
for sunlight it is demonstrated in a practical way that each of these transforma- 
tions embodies the same mixture data and luminosity data as the O. S. A. “‘ex- 
citation” curves. One of these transformations is proposed for routine computa- 
tion because it has properties which permit the adoption of simpler methods of 
computing than the curves now used permit. 


CONTENTS 


. Introduction 
. Choices of distribution curves and the independence of the luminosity 
function 
. Two methods of calculating the luminosity coefficients of a set of 
distribution curves from the luminosity coefficients of another set of 
distribution curves embodying the same mixture data 
. Calculation of luminosity coefficients for four sets of distribution 
curves embodying the same mixture data as O. S. A. “‘excitation”’ 
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. Demonstration that the new sets of distribution curves embody the 
mixture data of the O. 8S. A. ‘‘excitation”’ curves 
Choice of set of distribution curves 
Appendix—a graphical interpretation 


I. INTRODUCTION 


Probably the most fundamental set of data relating to color vision 


1 


is that embodied in the three ‘‘excitation’’! curves or “‘ visual response 
functions” by means of which the laws of mixture of color stimuli are 
applied. This set of data is obtained experimentally by introducing 
into one half of a photometric field light of known spectral composition, 
and into the other half of the field light of a different known spectral 
composition, so chosen that the two fields appear matched to the 
observer. By making a large number of such matches, information is 
amassed by which it is possible to tell whether any two fields of different 
spectral composition will appear matched to that observer or not. 

It was indicated by Newton ” and subsequently verified by others * 
that this information, or mixture data, could be embodied in a finite 





! Wesay, in this instance, ‘‘excitation,” because that term is a usual one. Hereafter it will be frequently 
convenient to substitute the term ‘“‘distribution’’ on account of the generality of the mathematical treat- 
ment. ‘ (See footnote 36, p. 524.) 

? Isaac Newton, Opticks, London, Innys, pp. 134-137; 1730. We find here a statement of ‘‘Newton’s 
law of color mixture.”’ Although this law makes no explicit mention of additive distribution curves, and 
does not directly state that contributions from different sources to a given primary color process are to be 
combined by addition, still these Genet are contained implicitly in the law. Our indebtedness to New- 
ton in this respect was acknowledged by J. C. Maxwell (Sci. Papers, Cambridge, p. 149; 1890), who was 
among the first to state explicitly and use these concepts. Probably Grassman (Pogg. Ann., 89, pp. 69-84; 
1853) first stated them expiettly, 

3 See, for example: A. Kénig, Ueber Newton’s Gesetz der Farbenmischung und darauf beztigliche Ver- 
suche des Hrn. Eugen Brodhun, Sitz. Akad. Wiss., Berlin, 31, pp. 311-317; 1887. Newton’s law for normal 
observers has been amply verified by experiment for field brightnesses which are too high to involve the 
Purkinje effect. We restrict attention, as is usual, to the medium field brightnesses dealt with by the 
technique of colorimetry for which Newton’s law is valid, 
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set of additive distribution curves.* From these curves directly can 
be obtained the prediction whether two given stimuli of different 
spectral composition will appear matched or not. If po, yo, and 8, 
give the distribution of three color processes ° (say a red, a green, and 
a blue process) for an equal energy spectrum, and E the spectral 
energy distribution of the light source actually used,’ the condition 
for a complete color match (hue, saturation, and brilliance) between 
two stimuli is: 


fo» E (T;—T2) dx=0 
Sov E (T1— TT) dd=0 (1) 





fe E (T1— 7) dr=0 


where 7; and T, are functions of the wave length, \; 7; gives the 
ratio of the spectral energy at a given wave length of the first 
stimulus to the spectral energy of the source, HZ, at that same wave 
length; T, gives the same ratio for the second stimulus.’ If condition 
(1) be not satisfied, then the stimuli specified by ET, and ET, are 
not a match. 

It has long been recognized that if p;, y:, and 8; give the distribution 
of three primary color processes in the spectrum of energy distribu- 
tion, £, we can define an infinite number of sets of distribution 
curves (say, for example, p2, v2, and $2) representing the distribu- 








* Newton used seven primary colors, which necessitates seven distribution curves. We now know (and 
Newton seems to have suspected, though he was not sure) that three independent distribution curves giving 
the distribution of three primary color processes throughout the spectrum are sufficient and necessary to 
embody the mixture data ofa normal observer. More than three distribution curves may be used if desired, 
but they will not all be independent. The fact that three distribution curves are sufficient was probably 
first given its proper emphasis by Thomas Young (Lectures on Natura] Philosophy, London, Savage, I, 
p. 440; 1807), who made it the basis of his color theory now widely known because of the adoption and elabo- 
ration of it by Helmholtz. Experimental evaluations of these distribution curves have been made by 
Konig and Dieterici (Sitz. Akad. Wiss., Berlin, 29, pp. 805-829; 1886), Maxwell (Sci. Papers, Cambridge, 
pp. 426-444; 1890), Abney (Phil. Trans. Roy. Soc.; 1899), and others. 

5 See Nikolaus Nyberg, Zum Aufbau des Farbenkorpers im Raume aller Lichtempfindungen, Zs. f. 
Phys., 52, p. 407; 1928. He gives our relation (1) as (5). 

Jeti Color process”’ is here taken as a name for the activity, retinal and postretinal, which is in one-to-one 
correspondence with the incidence of radiant energy of a certain range of frequency upon the retina. If 
the radiant energy is specified by its distribution (£) with respect to frequency (hereafter the wave length 
in vacuo will be used to specify frequency), then, with the visual mechanism in the ‘neutral state” (see 
footnote 61, p. 542), there corresponds to this radiant energy a certain realcolor process. If E forsome wave 
lengths be negative (which is physically impossible) still it is possible to compute a specification for the 
“color process’’ with which this imaginary stimulus is in one-to-one correspondence. Since it is convenient 
and useful to do this, the term ‘‘color process’’ is taken to refer to such activity, whether that activity 
actually be possible within the normal visual mechanism (as it very well may be, see footnote 61, p. 542) 
or not. When any three-color processes, existent or nonexistent, corresponding to any three physical 
stimuli, real or imaginary, are dignified by adoption, temporarily or permanently, as objects of a set of 
distribution curves by which the responses of an observer may be predicted, we shall denote their dignity 
by referring to them as “‘ primary color processes.’’ It is evident that this state of being ‘‘primary”’ either 
may or may not coincide with the state of being psychologically primary (unitary) or physiologically 
primary (invariable—independent of intensity, duration, or retinal region stimulated). 

? poE, yoE, and oF are the distribution curves of the three primary color processes in the spectrum of 
the source whose spectral energy distribution is EZ; they are hereafter designated pi, yi, and 61, respectively. 
No restrictions as to relative size are placed on the units of po, yo, and 8o; but, for convenience only, pi, v1, 
and #:, are customarily expressed in comparable units. (See footnote 29, f 522. 

8 Note that if the two light stimuli are produced by filters (1 and 2) illuminated by the source whose 
spectral energy is E, then 7; and 72 are merely the spectral transmissions of the filters. The significance 
of relation (1) may be restated in experimental terms as follows: 

Consider a symmetrically divided photometric field, both halves of which are illuminated by a source 
for which energy as a function of the wave length, 4, is given by E and let the two halves be of equal bright- 
ness. Let a filter whose transmission as a function of \ is 7; be inserted in the path of light which illumi- 
nates one half of the field; and let a filter whose transmission as a function of \ is 72 be inserted in the path 
of light which illuminates the other half of the field. Ifthe conditions expressed by relation (1) be satisfied, 
the two halves of the field will then be perfectly matched in quality and brightness (hue, saturation, and 
brilliance); that is, they will be quite indistinguishable one from the other for the observer to whom ,», 
yo, and > refer. 

The reason for introducing the ratios 7; and 72 applying to the same source of radiant energy, E, and 
resulting in the energy distributions E7; and ET: is that the routine use of the ‘‘excitation’’ curves in 
computation usually involves such ratios (either spectral transmission or spectral reflection). The prod- 
ucts ET; and ET; would otherwise have more naturally been designated simply as ZX; and £2 without indi- 
cation as to the manner of their physical realization. 
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tions of different sets of primary color processes ® which would equally 
well represent the same body of mixture data. Weneed only to choose 
at random nine finite constants (K, to Ky subject to the condition: 


\K, Ky Kyl 
K, K; Kj #0" 


7 ig £49) 


then the expressions: 
p2=Kip,+ Kon + KB 
¥2=Kup, + Ksyi t+ Koh 
B.=K;p, + Kyyi + KoB, 





define the new set of distribution curves for each wave length. 

We say that pz, y2, and B2 represent the same body of mixture data 
as dO p1, 71, and 8, because, whenever 7’; and 7, are so chosen that 
relation (1) holds, it is also true that that relation holds when pz, yo, 
and 8, are substituted for p;, yi, and f,, respectively." 





* The new set of primary color processes might be any three different color processes providing the stim- 
ulus (real or imaginary) which evokes one of them can not be matched by a mixture of the stimuli which 
evoke the other two. The new processes might be, for example, any violet, any yellow, and any crimson 
process. This freedom of choice of primary color process may be stated in another way. If all color pro- 
cesses are represented on a mixture diagram (such as figs. 2 to 5), each process by a point, then any two 
points may be chosen at random for the first two primaries. The only restriction on the choice of the 
third primary is that its point must not lie on the straight line connecting the points for the other primaries 
which were chosen at random. 

10 That this determinant be different from zero is the condition which ensures that 2, y2, and 82 will be 
three independent functions provided 1, 71, and 6; are. In other words, it ensures that the points repre- 
senting on the mixture diagram the three new primary color processes do not lie on the same straight line 
if the points representing the old primaries do not. In actual cases this condition is seldom tested because 
the collapse of the tristimulus system into a monostimulus or distimulus system is usually prevented by 
the nature of the problem. 

| Although the accuracy of this statement has been regarded as so evident that writers following Newton 
(see footnote 12) who have made use of relation (2) have apparently never bothered to publish a proof of 
it, still it is, perhaps, well to indicate the proof here for the sake of completeness. We wish to show that 

eo 
| p2 (Ti—T2)dA=0. From (2) we may write: 


0 


fon (Ti—T1)d\= fo Biot Kent KB) (Ti—T:)dd= 

Kf (T:— 72) ar+ki fy (Ti—T1) dd +Ksf “6: (T:— Ta) dd. 

But from (1) and footnote 7, page 516, each of the three integrals is zero; hence their sum f © ps (T:—T2)dr 
equals zero, which [is what we wanted to prove. By analogous argument, fr 2(Ti— T2)dA=0, and 


foe (T;:— T2)d\=0; hence po, y2, and #2 satisfy (1) whenever 1, 71, and #: do. 


This form of proof can also be extended to show that whenever relation (1) is not satisfied by p1, y1, and 
8; then neither do p2, ys, and #2 satisfy it. The argument is by reductio ad absurdum: Assume that po, 
y2, and 2 do satisfy (1) when pi, y1,and #: donot. Now it is possible to find constants (ki to ky) such that: 


pi=kipatkeya+ksBs 
yi=kapatksya+keBs 
Bi=krprt+ksy2+koBs 


ky ka ks 
ks ks ke, +0 
kz kg ko 


(This is relation (5) of Sec. II; the constants (k: to ko) of this relation may be computed from the constants 
(K; to Kg) of relation (2); see relation (7) in Sec. III.) Hence, as just shown, pu, y1, and @; satisfy (1) which 
is contrary to hypothesis, 
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Hence, if p2, y2, and B2 are used to predict whether the stimulus 
specified by 7, matches that ee by HT., the same prediction 
is obtained as by the use of p;, y;, and B;.” 

The choice of a particular set of distribution curves out of the 
triple infinity of sets which can all equally well embody a given set 
of mixture data is dictated purely by convenience. If, as in this 
article, the aim is prediction of whether the observer will respond 
“match” or ‘‘not a match’? when confronted by two color stimuli 
of different spectral composition, a set of curves should be chosen 
that lends itself readily to the computation incident to this predic- 
tion.” If, on the other hand, the aim is to simplify the basis for 
speculation of a psychophysiological nature, many other quite 
different sets of curves would be eligible, the choice depending on 
the nature of the speculation." 

When the technique of heterochromatic photometry was worked 
out ' it became convenient to use a method, long known, of specify- 
ing a color stimulus. This method is to evaluate for that stimulus 
three variables—dominant wave length, colorimetric purity, and 
luminosity."* In order to convert specifications of color stimuli 
from this system into those suggested by relation (1), namely, the 





12 This has been recognized by nearly all writers following Newton, though they do not always give relation 
(2) explicitly. It is convenient at this point to introduce a partial list of the publications which have dealt, 
directly or indirectly, with transformations of this sort: 

A. Konig and C. Dieterici, Die Grundempfindungen und ihre Intensititsvertheilung im Spectrum, 
Sitz. Akad. Wiss., Berlin, 29, pp. 805-829; 1886. (Or see A. Kénig, Gesammelte Abhandlungen zur Phy- 
siologischen Optik, Leipzig Barth, PP. 60-87; 1903.) Also Die Grundempfindungen in normalen und 
anomalen Farbensystemen und ihre Intensititsvertheilung im Spectrum, Zs. f. Psych. u. Physiol. der 
Sinnesorgane, 4, pp. 241-347; 1892. (Or see A. Kénig, Ges. Abh., Leipzig, Barth, pp. 214-321; 1903.) 

H. v. Helmholtz. Zs. f. Psych. u. Physiol. der Sinnesorgane, 2, pp. 1-30; 3, pp. 1-20. (Or see H. v. Helm- 
holtz, Handbuch der Physiologischen Optik, 2d ed., Leipzig, Voss, pp. 449-458; 1896.) 

H. E. Ives, The Transformation of Color-Mixture Equations from One System to Another, J. Frank. 
Inst., 180, pp. 673-701; 1915. Also, The Transformation of Color-Mixture Equations from One System 
to Another. II. Graphical Aids, J, Frank. Inst., 195, pp. 23-44; 1923. 

J. Guild, The Transformation of Trichromatic Mixture Data: Algebraic Method, Trans. Opt. Soc., 26, 
pp. 95-108; 1924-25. Also, The Geometrical Solution of Colour Mixture Problems, Trans. Opt. Soc., 26, 
pp. 139-174; 1924-25. 

W. Dziobek, Ueber die Transformation von einem trichromatischen System auf ein anderes, Zs. fiir 
Instrumentenkunde, 46, pp. 81-84; 1926. 

E. Schrédinger, Grundlinien einer Theorie der Farbenmetrik im Tagessehen, Ann. d. Physik (4), 63, 
pp. 397-456; 1920. 

E. Schrédinger, Ueber das Verhiltnis der Vierfarben- zur Dreifarbentheorie, Sitz. Akad. Wiss., Wien, 
Abt. Ila, 134, pp. 471-490; 1925. 

R. Luther, Aus dem Gebiet der Farbreizmetrik, Zs. f. Techn. Physik, 8, pp. 540-558; 1927. , 

I. Runge, Ueber die Ermittlung der Farbkoordinaten aus den Messungen am trichromatischen Kolori- 
meter, Zs. f. Instrumentenkunde, 48, pp. 387-396; 1928. ; 

Relation (2) of this paper is given as relation (9) by Helmholtz (Handbuch der Physiologischen Optik, 
2d ed., Leipzig, Voss, p. 453; 1896) and as relation (1) by Ives (J. Franklin Inst., 180, p. 678; 1915). A 
restricted form of the relation is given by Kénig and Dieterici (Kénig, Ges. Abh., pp. 82, 305), and also by 
Guild as relation (4) (Trans. Opt. Soc., 26, p. 97; 1924-25), and again as relation (10) (ibid., p. 153). 

Compare also relations (12) and (13) given by Schrédinger (Ann. d. Physik, (4), 63, p. 439; 1920). 

3. The “ Elementarempfindungskurven”’ of Kénig and Dieterici (A. Konig, Ges. Abh., Leipzig, Barth, 
PP. 286-288; 1903), the elementary ‘‘sensation’”’ curves of Abney (W. de W. Abney, Researches in Colour 

‘ision, London, Longmans-Green, pp. 229-247; 1913), and the elementary ‘‘excitations” computed by 
Weaver using data by Konig, Dieterici, and Abney (L. T. Troland, Report of the Committee on Colorim- 
etry for 1920-21, J. Opt. Soc. Am. and Rev. Sci. Inst., 6, p. 549; 1922) are examples of distribution curves 
which are convenient for computation chiefly by reason of the fact that there are no negative ordinates. 
The sort of computation for which these curves are used is treated by Troland (J. Opt. Soc. Am. and Rev. 
Sci. Inst., 6, pp. 573-592; 1922) and by Priest (J, Opt. Soc. Am. and Rev. Sci. Inst., 9, pp. 503-520; 1924). 

is Thus, we might try to choose distribution curves which suggest a simple theoretical account of the 
facts of dichromasy just as Maxwell (On the Theory of Compound Colours, and the Relations of the Colours 
of the Spectrum, Sci. Papers, Cambridge, pp. 441-444; 1890), and Kénig and Dieterici (A. Kénig, Ges. Abh., 
Leipzig-Barth, pp. 303-321; 1903) did. Or we might test the applicability of an extension of Fechner’s law 
for the prediction of sensibility to color differences as Helmholtz (Handb., d. Physiol. Optik, 2d ed., 
Leipzig-Voss, pp. 449-458; 1896) did. Or we might wish to show that the mixture data could suggest a 
four-color theory of vision as well as a three-color theory as Schrédinger (Sitz. Akad. Wiss., Wien, Abt. 
Ila, 134, pp. 471-490; 1925) did. ; 

18 Due in large part to the research activity of Herbert E. Ives (Studies in the Photometry of Light of 
Different Colors, Phil. Mag., 24, pp. 150-188, 352-370, 744-751, 845-863; 1912). E 

1%], G. Priest, Apparatus for the Determination of Color in Terms of Domimant Wave-Length, Purity 
and Brightness, J. Opt. Soc. Am. and Rev. Sci. Inst., 8, Pp. 173-200; 1924. (This paper gives references to 
previous publications on the same subject.) W. v. Bezold, Ueber das Gestez der Farbenmischung und 
die [fy a me Grundfarben, Pogg. Ann., 150, pp. 71-78; 1873. We find here (p. 78) probably the first 
explicit definitionjof the concept now termed “colorimetric purity,’’ Bezold named it ‘objective Reinheit. 
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svebiditem tor that atinndlos-ot ; mo Tan, Ff yo Tak, and j, ” BoE TAX 
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(and vice versa), it became necessary to evaluate a set of “luminosity 
coeficients” L,,, L,,, Lo,, such that for each wave length: 


pail, +yiLg, + bilo, =Li (3) 


where L, gives the distribution of luminosity of the source for which 
py V1 ar 8, give the distribution of the primary color processes.” 
If we are to compute (for example) the colorimetric purity of a 
stimulus from the tristimulus specification, we must be able to com- 
pute from that specification Z, for the wave length equal to the 
dominant wave length of the stimulus. The first set of distribution 
curves to which luminosity coefficients were attached was compiled 
from Kénig’s data by Dr. H. E. Ives. Ives noted that the Grundemp- 
findungskurven of K6nig failed to sum even approximately to the 
average luminosity function when weighted by any set of positive 
luminosity coefficients whatever.’ Consequently, he chose a new 
set of primary color processes yielding a new set of distribution curves 
to represent the mixture data of K6énig’s observers. He found that 
this new set of distribution curves summed within experimental 
error to the average luminosity when weighted by a set of positive 
luminosity coefficients. 

In 1920 Exner ® independently noted the difficulties which led 
Ives to make the changes just described. Exner, however, proposed 
to obtain by purely arbitrary changes a substantial agreement of the 
mixture data with the luminosity data through the use of positive 
coefficients. These arbitrary changes (not being a transformation 
of coordinates) fail to satisfy (2). The resulting set of distribution 
curves, therefore, does not embody the same set of mixture data as 
the average Konig curves, and if used for computation does not give 
the same numerical results that the K6énig curves give. These 
curves have attracted the well-deserved criticism of Schrédinger.” 

It has been shown by the author that one set of distribution 
curves (the O. S. A. ‘‘excitation” curves)” will sum, when properly 
weighted, to a satisfactory approximation of the accepted luminosity 
function of the source. Throughout the present paper these dis- 
tribution curves will be used as a basis for computation because they 
represent in the author’s judgment the best reduction of mixture 
data available. They are somewhat more congruent with the 
luminosity function than the Kénig-Ives curves, due partly to the 





T py =pok, yi=yoE, and Bi=BoE. See footnote 7, p. 516. 

'S J, Frank. Inst., 180, pp. 693-694; 1915. Ives noted that a negative luminosity coefficient for the ‘‘blue”’ 
curve would be required; but apparently he regarded a negative coefficient unacceptable because he re- 
marks in‘italics that ‘‘“* * * no positive luminosity values for the blue sensation will satisfy the condi- 
tion” and later (p. 694) implies that the Kénig curves fail to yield consistent luminosity values on this 
account. Of course, to attach a negative coefficient to the blue curve involves a difficulty on the basis of 
psychophysiological theory, namely, that the mechanism which is responsible for ‘‘blue’”’ must also par- 
tially inhibit the “‘ brightness” response; this consideration was probably the reason for Ives’s rejection of 
negative coefficients. 

'’ F. Exner, Zur Kenntnis der Grundempfindungen im Helmholtz’schen Farbensystem, Sitz. Akad. 
Wiss., Wien, Abt. Ila, 129, pp. 27-46; 1920. 

° E. Schrodinger, Ueber das Verhiltnis der Vierfarben- zur Dreifarbentheorie, Sitz. Akad. Wiss., Wien, 
Abt. IIa, 184, p. 479; 1925. He remarks in a footnote, ‘‘ Von der Korrektur der K6nig’schen Grundempi 
findungskurven, die Exner weiterhin vornimmt, konnte ich aus dem Grunde keinen Gebrauch machen, 
= sie Scbénheitsfehler (Konkavititen nach aussen) der Spectralkurve in der Farbentafel nach sich 
zieht,”” 

41D. B. Judd, Chromatic Visibility Coefficients by the Method of Least Squares, J, Opt. Soc. Am. and 
Rev. Sci. Inst., 10, pp. 635-651; 1925, 

* See footnote 35, p, 524, 
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more refined method of computing luminosity coefficients but more 
particularly to the different choice of mixture data they embody and 
to the fact that more extensive luminsoity data have since bec ‘ome 
available. 

The purposes of the present paper are: 

To show that any one of the infinite number of sets of distribution 
curves representing a given body of mixture data will sum equally 
well to the luminosity function. (Sec. II.) 

To outline two short methods for computing the luminosity coeffi- 
cients of any of these sets of distribution curves. (Sec. III.) 

To present four examples of this problem solved by the methods 
outlined in Section III. (Sec. IV.) 

To present a demonstration that each of the four sets of distribu- 
tion curves used embody the same mixture data (that of the O. S. A. 
“‘excitation’’ curves) by showing that each of the four sets gives the 
same results when used for the computation of the dominant wave 
length, colorimetric purity, and luminosity of color stimuli. (Sec. V.) 

To show that one of these sets of distribution curves embodies 
greater computational convenience than any set heretofore proposed. 
(Sec. VI.) 


II. CHOICES OF DISTRIBUTION CURVES AND THE INDE- 
PENDENCE OF THE LUMINOSITY FUNCTION 


Theorem.—Any set of distribution curves may be assigned lumi- 
nosity coefficients giving the same luminosity sum as any other set 
of distribution curves embodying the same mixture data. 

The theorem restated is: If p;, y:, 6; and po, y2, Bz are sets of dis- 
tribution curves which satisfy relation (2) for each wave length, and 
Ly, Lg,, and L,, are three numbers satisfying relation (3) for each 
wave length, then three numbers, L,2, 42, and Ly, exist such that, 
for each wave length: 


Pe D2 + Yolig2+ Bobo = Pi Lent 1091 + BL 4b1 =I[, (4) 


Proof.—Since these two sets are connected by relation (2) it is 
possible to find constants (k, to k,) such that: 


Pi =kipotkeys - k3B2 
Vix=hapotksy2t+ kobe 
Bi =kzp2+ ksve + koB2 

ky ko ks 

ky ks ke XO 

kz kg kg 





by solving for p;, y:1, and , from (2). From (3) and (5) we may 
write: 


Ly, (kip2t+kovethsB2)+Lo, (kapotksyot+koB2)+Lo, (krpet+kevat+koBe) = hy 





% The result of this solution is given as relation (7) in Sec. III. Compare relation (15) given by Schro- 
dinger (Ann. d. Physik, (4), 63, p. 440; 1920). This solution is also given by Guild (Trans. Opt. Soc., 26, 
p. 100; 1924-25) as relation (10), though he does not evaluate the determinant we abbreviate as A. (See rela- 
tion (7).) 
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or, rearranging terms: 


p2(Lrk1 + Laka + Lyk) + y2(L,,ke = Lykst+ Laks) + B2(L,,ks + Lake 
+ Ly,k,) _ Ly 


whence it is evident that numbers, L,,, L,,., and L»,, which satisfy (4) 
do exist because they are: 


Li.=Lnki + Lgkgt+ Lok; 
Digg = Lryk2tLoks+ Loks (6)*4 
Ly =Lnkst+ Lake + Lo ks 


It may easily be shown that the sum of the luminosity coefficients 
applying to the second set of distribution curves is equal to the sum of 
the luminosity coefficients applying to the first set of distribution 
curves provided all distribution curves of both sets have equal areas. 
It may be seen from relation (6) that if we wish to choose any set of 
luminosity coefficients whatever which satisfies the restriction just 
stated, it will be possible to derive a set of distribution curves to which 
that set of luminosity coefficients apply.” It is further evident from 
relation (6), since we have nine constants out of which to build 
but three luminosity coefficients whose nature imposes but three 
added restrictions,“ that not only will it be possible to find a set 
of distribution curves embodying the mixture data of the first set 
of distribution curves to which the arbitrarily chosen set of lumi- 
nosity coefficients apply, but that it will be possible to find many 
such sets. We shall have occasion to make use of this possibility in 
Sections Vand VI. (See footnote 52, p. 533, and footnote 74, p. 544.) 

It is of interest to indicate the steps in the actual discovery of the 
truth of our theorem because the discovery involves a special case of 
relation (2) which is in itself worthy of attention. Consider a set of 
distribution curves p3, y3, and 63, computed from p;, y:, and ,, by the 
relations: 

P3— P1 


" v 
Der, Dy, (8~3D)61 an) 


Bs 3+ 3—D 3-D 


where D is any finite constant except +1 and +3” independent of 
wave length; D may be thought of as fractional deficiency of primary 
color process; *8 here D refers to fractional deficiency of ‘‘blue” 
process since it is attached to 6,, but it may, of course, be attached 
equally well to p; or y;. It may be noted that relation (2a) is a special 
case of relation (2); hence p3, 73, and 83 represent the same body of 
mixture data as p;, y1, and #;. 





*T am indebted to Dr. L. B. Tuckerman for this elegantly simple not 


* We have merely to choose the constants (ki to ks) which, according to (6) give the desired values of 
La, Loa, and Lye. These constants (ki to ks) lead, according to (5), from the new distribution curves to the 
old; hence, they may helpfully be called the ‘‘reverse’’ coefficients. But we can find the direct coefficients 
(Ki to Ko) of relation (2) from the reverse coefficients in the same way that the reverse coefficients are found 
from the direct coefficients. (See relation (7).) 

_.) The case of interest is that in which the luminosity coefficients refer to distribution curves of equal area. 
This condition requires that: ki-+ko-+ks=ka+-ks+-ko=kr-+ks+ko= 1. 

* D=+3 makes @; infinite. It is ruled out because relation (2) applies to a choice of finite constants 
only. D=-+1 is ruled out because the determinant of relation (2) then becomes zero. 

* Thus, for D=+1, we find no trace of the @; curve in the 8; curve because §; is simply the sum of half of 
each of the other two. This corresponds, of course, to the collapse of the tristimulus into a distimulus sys- 
tem in which the orginal “blue” process is missing; hence, we may say that for D=+1, the system is 
wholly “blue” deficient, 
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It was known that the theorem held for this special case of relation 
(2) because, by trial and error, the luminosity coefficients, Lys, Li 
and L»3, had been found to be: “ 


Ly3=Ln — DL,,/3(1 —§)), 
Ly3=La—DLy/3—D), (6a) 
Ly3=L1/(1— D) — Dy /3 (1 — D) 


Examination of (2a) and (6a) shows that p3, y3, and 63 have the 
following properties: (1) They differ from p;, 71, and f; in respect to 
one variable only (here #;,), (2) they yield curves of equal area pro- 
vided p;, yi, and 8, do, and (3) they have luminosity coefficients which 
sum to unity provided p;, y:, and 6; have such luminosity coefficients, 

After we have made one such transformation with a given value 
(positive or negative) of D applied to a particular distribution curve 
(say §:), we may follow that transformation with another which 
involves a different value of D applied to the p,; or the y; curve; and 
so on. But since for each of these transformations it is possible to 
find luminosity coefficients which satisfy (3) merely by computation 
according to (6a), and since apparently any set of distribution 
curves embodying the same mixture data as p;, 71, and 8; (and having 
equal areas)** may be obtained by successive transformations of 
this kind, it was supposed that the theorem held for all cases.” 


Ill. TWO METHODS OF CALCULATING THE LUMINOSITY 
COEFFICIENTS OF A SET OF DISTRIBUTION CURVES FROM 
THE LUMINOSITY COEFFICIENTS OF ANOTHER SET OF 
DISTRIBUTION CURVES EMBODYING THE SAME MIx- 
TURE DATA 


If a set of distribution curves is given and the luminosity curve of 
the source is at hand which the sum of the distribution curves, properly 
weighted by luminosity coefficients, ought to approximate, the lumi- 
nosity coefficients which give the best approximation may be com- 
puted by the method of least squares.* It was apparently assumed 
by Ives * that a new choice of primary color processes giving a new 
set of distribution curves embodying the same mixture data might 
improve the goodness of fit of those data to the luminosity data, and 
such an implication was accepted by the author until the present 
work showed it to be untenable. The incorrectness of this view can 
now be conveniently demonstrated by an important corollary of the 
theorem proven in Section II, namely, that a new choice of distribu- 
tion curves results in exactly the same agreement with the luminosity 
data, no better and no worse.* For all sets of stimulus primaries, 





®” It is customary to adjust the ordinates of the three distribution curves so trat the areas under the curves 
are equal. Such an adjustment is convenient because it causes the point representing the color of the light 
stimulus from the source (whose energy distribution is E) to fall at r=1/3, g=1/3, b=1/3. (See figs. 2 to, 
also relation (9) et seq.) ‘ 

%#” Tnis argument, as given, does not amount to a proof, as does the one previously given, because it does 
not show that every set of distribution curves satisfying (2) can be approximated by the successive appli- 
cation of (6a). It has merely shown that many such sets can be obtained. 

31 See footnote 21, p. 519. 

32 See footnote 18, p. 519. : , , 

38 The argument is by reductio ad absurdum: The theorem states that there exist luminosity coefficients 
which give a new distribution curve sum identical with the old (relation 4). Thus, if a new choice of dis- 
tribution curves (obtained by a new choice of stimulus primaries) gives a better fit than the best obtain- 
able by the old choice, we can transfer back to the original primaries and find coefficients which give the 
same sum, a sum which must agree better than the best obtainable, which is impossible, 
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Judd) 
then, the least square solution results in exactly the same degree of 

eement; this method of solving for luminosity coefficients is, of 
course, always applicable. There are shorter ways, however, of 
obtaining the best luminosity coefficients (L,2, L42, L2) for a set of 
distribution curves (p2, 72, 82) provided a least square solution for 
Ly, Lo1, and ZL»; has already been carried out on another set (p;, 7, 
6;) representing the same mixture data. Two methods will be given; 
the first method, which requires only that the theorem of Section II 
be true, involves the following steps: 

1. Compute ».L,:+7:L5:+6,L>, for any three convenient values of 
the wave length (such as 450, 550 and 650 my).** 

2. Set these numbers equal to p2l..+72l 92+682Lo2 for the cor- 
responding three wave lengths and solve for Z,2, Ly2, and Ly». 

By the theorem of Section II, the values thus found will be the 
luminosity coefficients which give the same luminosity sum (p2L,.+ 
2192+ B2Ly2) as the original distribution curves gave (p,L,,;+y:L,:+ 
8,Ly:), not only for the three wave lengths chosen for computation, 
but for all wave lengths. 

The second method is based on relation (6). If the constants k, 
to k, be expressed in terms of the constants K, to K, by the method 
indicated in Section II (see relation (5) et seq.), there results: 
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From (6) we may write: 
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and compute L,2, Lg2, and Ly» directly. 





Pe... actual cases, the errors of rejection become troublesome if the values of wave length taken differ only 
ghtly Y 


98046°—30-——_5 





524 Bureau of Standards Journal of Research [Vol 


IV. CALCULATION OF LUMINOSITY COEFFICIENTS FoR 
FOUR SETS OF DISTRIBUTION CURVES EMBODYING THE 
SAME MIXTURE DATA AS THE O. S. A. “EXCITATION” 
CURVES 


The mixture data which are embodied in each of the four sets of 
distribution curves for which luminosity coefficients are to be calcu- 
lated are those of the O. S. A. ‘“‘excitation”’ curves in the form (,,, 
Yo, By) extrapolated by Priest and Gibson. Table 1 gives (columns 
2, 3, and 4) the distribution curves * p;, y,, and 6, referring to Abbot- 
Priest sunlight according to the mixture data embodied in the O. S. A. 
‘“‘excitation”’ curves. The spectral energy distribution (£) of Abbot- 
Priest sunlight * is given in column 1. The distribution curves of 
columns 2, 3, and 4 are computed from the O. S. A. ‘‘excitation” 
curves (9, Yo, 8o) as follows: 


p1 = 0.17547 polt 
¥1= 0.17802 yo (9) 
B,=0.17482 Bolt 

33 J. Opt. Soc. Am. and Rev. Sci. Inst., 10, p. 230; 1925. 

% The function of wave length, p1, gives the distribution of a certain sort of ‘“‘redness’’ or “rec process” 
throughout the spectrum of Abbot-Priest sunlight; y1 gives the distribution of a certain ‘‘green process,” 
and soon. There is no satisfactory proof that these processes have a separate physical existence; hence, 
the distribution curves given probably do not even approximately characterize any retinal activity (photo- 
chemical activity or decomposition of sensitive substance) nor any neural activity (either in the opti 
nerve, the occipital lobe, or elsewhere); the processes are called primaries by virtue of their position in a 
mathematical structure (see footnote 6, p. 516) whose present chief justification is that it makes colorimetri: 
computation possible. Although pi, 71, and #: represent the distribution of certain processes throughout 
the spectrum of Abbot-Priest sunlight whose claim to the term ‘“‘primary”’ is purely mathematical, stil! 
it is probable that the distribution of some aspect of the color processes which are really ‘‘primary”’ or 
“‘fundamental”’ may be calculated from pi, y1, and @&; by relation (2). Our present ignorance concerning 
color vision is such that we know neither the constants of relation (2) nor the aspect of the color processes 
really “primary ’’ to which these unknown constants refer. 

The practice in this paper of referring to p, y, and @ briefly as ‘‘distribution curves”’’ rather than the 
more widely used ‘‘excitation curves’’ is due primarily to the fact that the mathematical treatment is 
general and need not be restricted to the distribution curves of real or imaginary color processes. It is 
further true that the term ‘excitation curves’’ used thus briefly is objectionable to some who wish to 
reserve that term to apply to processes which actually exist in a physically separated state. Ladd-Franklin 
has already used ‘distribution curves’’ as a substitute term. (See, for example, Appendix to English 
Edition of the Helmholtz Physiological Optics, 2, p. 461; 1924.) 

37]. G. Priest, A Precision Method for Producing Artificial Daylight, Phys. Rev. (2), 11, p. 502; 1918. 
J. Opt. Soc. Am. and Rev. Sci. Inst., 12, p. 479; 1926. Standards Yearbook 1927, p. 204 and Figure 4. 

Note.—The values of E introduced by Priest into the work of the colorimetry section, Bureau of 
Standards, some years ago, now in current use, and reproduced in Table 1 of the present poner are not 
exactly the same as proposed in his earliest publication cited above. Except for change of scale (100 at 
wave length 590 my instead of 100 at wave length 560 my) the values given here are as shown in Figure 
4 of the Standards Yearbook for 1927. They are given by: 


Ex Eas sin’a/2 


where Eous is energy per unit wave length as a function of wave length for the Planckian radiator at 
2,848° K. for c2 at 14,350 micron degrees, and a is the rotation of the plane of polarization of light, as a func- 
tion of wave length, per millimeter in crystalline quartz. 
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TasLe 1.—The distributions of the O. S. A. ‘‘Excitations”’ throughoui the spectrum 
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‘The constants in relation (9) are chosen so that (except for errors of 
rejection of about 5 parts in 100,000 which can not conveniently be 
avoided): Yp,AA\= Vy,AA= TB, AX= 1,000,000, for AN=10 my.** Al- 
though p;, yi, and B, are specified only at intervals of 10 my,* other 
values required may be found by interpolation and extrapolation.” 
Lj, Lo,, and Ly; are taken as 0.45, 0.54, and 0.01, respectively ;" 
the products p,L31, yil4:, and 6,L»;, and the sum of the products 
appear in columns 5, 6, 7, and 8. In order to show that the differ- 
ences between this weighted distribution curve sum and standard 
luminosity data are negligible, these sums“ divided by the spectral 
energy, #, of Abbot-Priest sunlight (column 1) are compared in 
Figure 1 to visibility data taken from the work of Gibson and Tyn- 
dall* Visibility via the weighted distribution curve sums is shown 
by circles with tags; the experimental average visibility reported by 
Gibson and Tyndall from their data referring to 52 observers is 





* See footnote 29, p. 522. 

* This method of specification has thus far been found sufficient; perhaps intervals of 5 my (or less) will 
be justified by subsequent advances in colorimetric technique. 
_’ Note that pi, v1, and @; are to be taken as zero for the 10myu intervals for which no value is given in 
lable 1; a similar remark applies to Tables 2 to 5. 

“| Least square computation shows these to be a reasonable choice for representing luminosity data. 
(See footnote 21, p. 519.) 

“ Multiplied by the constant, 0.010764, which makes the maximum ordinate approximately unity and, 
on this account, all the ordinates comparable to the standard visibility data. (See footnote 43.) 
+s LS S. Gibson and E. P. T, Tyndall, The Visibility of Radiant Energy, B. S. Sci. Paper No. 475, pp 
06-159, 174; 1923. 
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shown by small circles; their adopted or recommended visibility“ 
is shown by large circles. It is to be noted that at about half the 
wave lengths at which this comparison is made, the visibility via the 
distribution curve sum (small circles with tags) either falls between 
the Gibson and Tyndall experimental mean (small circles) and the 
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Ficure 1.—Demonstration that the distribution curves expressing mizture data 
are not inconsistent with standard visihtiity data 


The weighted distiibution curve sum is compared (1) to the Gibson-’Tyndall experimental mean 
visibility (B. S. Sci. Paper No. 475, Table 3, second column), (2) to the recommended mean (ibid, 
Table 3, last column), and (3) to the highest and lowest visibility found experimentally among 
the 37 completely studied, normal observers (ibid, Table 2). The weigh distribution curve 
sum is seen to agree closely with visibility directly determined. 











values recommended by them (large circles) or coincides with one of 
them. To make further evident that the discrepancies which do 
occur are negligible in comparison to individual differences, the 








4 Subsequently adopted as standard by the International Commission on Illumination, 6th meeting, 
Geneva, July, 1924; Proceedings, pp. 67 and 232, 
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maximum and minimum visibilities found = Gibson and Tyndall 
among their 37 completely studied, normal observers“ are indicated 
also (points connected by straight, dotted lines). It may be seen 
from Figure 1 that the differences which do exist between the values 
of visibility and the sums of the weighted distribution curve ordinates 
are negligible in comparison to differences between individual visi- 
bilities.“ On this account the failure of the distribution curves to 
sum exactly to the standard visibility function need cause no further 
concern. It is true, of course, that the standard visibility differs 
significantly for some purposes from the distribution curve sums; 
but the difference is significant because standard values have been 
formally adopted, not because sufficient experimental data exists to 
prove that the distribution curve sums fail to represent normal 
visibility. For this reason, the luminosity of Abbot-Priest sunlight 
given by the weighted distribution curve sums (column 8 of Table 1) 
is taken as ‘‘standard”’ in the present paper for the mixture data of 
the O. S. A. “‘excitation’’ curves; and there need be here no more 
discussion concerning the ‘‘degree of approximation”’ yielded by a 
given set of luminosity coefficients. If the values for the luminosity 
coefficients yield the luminosity given in column 8 of Table 1, they 
are the correct values for that set of distribution curves and con- 
stitute the luminosity coefficients; and if the values do not, they are 
wrong, and do not constitute the luminosity coefficients. 

We now propose to take four different sets of distribution curves 
representing the distribution of four new sets of ‘“‘red,” ‘“‘green,”’ 
and “‘blue”’ primary color processes throughout the spectrum of 
Abbot-Priest sunlight according to the mixture data embodied in the 
O. S. A. “excitation” curves. These four new sets of distribution 
curves (p2, Y2, B23 Ps, Ys, Bs} P4, ¥4) Ba; and ps, Ys, Bs) are given by columns 
2,3, and 4 of Tables 2 to 5, and are plotted near the bottom of Figures 
2 to 5. The distribution curves have been computed from p, y:, 
and 8, (see Table 1) in the following way: 


p2 = 1.0499; — 0.1552y, + 0.10548; 
V2 = 0.2023, + 0.79777; + 0.00008; } (10) 
62 =0.0000p; + 0.00007, + 1.00008; 


p3 =1.0000p; + 0.00007;-+ 0.00008, 
73 =0.0000p; + 1.00007; + 0.00008, $ (11) 
6; =0.3636p; + 0.36367; + 0.27278, 


ps =0.9783p, + 0.00007, + 0.02178, 
71=0.0000p; + 1.00007, + 0.00008; ¢ ° (12) 
Bg=0.0000p, + 0.00007, + 1.00008; 


ps =1.0000p; + 0.00007, + 0.00008, 
5 =0.4500p, + 0.54007, + 0.01008, (13) 
6; =0.0000p, + 0.00007, + 1.00008, 


‘s One observer was rejected because he was known to be color blind; 14 observers of the 52 were also 
rejected because they were not studied for the entire visible spectrum, but only for its more luminous por- 
tion (490 to 680 my). Considering the data referring to the remaining 37 observers for one value of the wave 
length at a time (at intervals of 10 my) the highest value and the lowest value (as recorded in Table 2 of 
Gibson and Tyndall’s paper) for that wave length were plotted. 

** Comparison has here been only with values of visibility found or adopted by Gibson and Tyndall 
because that is the most recent work on visibility that has received formal recognition. The same sort of 
Spread among individuals has, however, been found by previous observers; for example, by Coblentz and 
Emerson (B. 8. Sci. Paper No. 303; 1917; see fig. 13). 

’ Note that, since the O. S. A. “excitation” curves are based on so few observers (only three—Koenig, 
Dieterici, and Abney), they are open to attack as being not truly representative of normal mixture data. 
it is probable that at some future time the O. S. A. curves will be supplanted by curves more truly rep- 
resentative of normal mixture data. They are not open to attack, however, on the ground of being in- 
consistent with normal visibility because the differences of the weighted sums of the O. S. A. curves from 
the standard visibility function (perhaps by good luck) are insignificant relative to individual differences, 
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TABLE 2.—The distributions of the Kénig ‘“‘Grundempfindungen”’ throughout the 
earn of Abbot-Priest sunlight according to the mixture data embodied in the 
.S. A. “excitation”’ curves 
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122 |_- 75 . $391 











66 























Judd) Reduction of Color Mixture Data 529 


TasLE 3.—The distributions throughout the spectrum of Abbot-Priest sunlight 
according to the mixture data embodied in the O. S. A. “‘excitation’’ curves of 
primary color processes which suggest a degree of blue-yellow deficiency ' 
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5, 269 5, 340 19, 997 . 4695 . 2635 





4, 473 16, 761 ° - 2057 
3, 585 13, 445 : . 1458 
2, 653 9, 948 4 - 1009 
1, 881 7, 055 . - 0686 
1, 209 4, 534 . 697 - 0362 


698 2, 617 
1, 463 
826 





445 
255 


143 
74 
45 


























! The distribution curves were calculated from the O. S. A. ‘‘ Excitation’’ curves according to relation 
(6a) by setting D=4/5. 
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TaBLE 4.—The distributions of primary color processes such that the “‘blue’’ process 
contributes nothing to the luminosity of the spectrum 


(Mixture data as of O. S. A. “excitation” curves; spectrum of Abbot-Priest sunlight] 
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TaBLE 5.—The distribution throughout the spectrum of Abbot-Priest sunlight of one 
of the sets of primary color processes for which neither the ‘‘red”’ nor the “‘blue”’ 
primary color process contributes to the luminosity of the spectrum. The distribu- 
tion of the “‘green”’ primary color process is the same as the distribution of 
luminosity. 
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It is to be noted that each of these four new sets of distribution curves 
represents the same body of mixture data as p;, yi, and §;, because 
each set satisfies (2). The theorem of Section II must, therefore, 
hold for these four sets of curves; hence, the methods of computing 
the luminosity coefficients (Sec. III) which depend on that theorem 
can be used. We proceed to apply those methods. 

The first step in the first method is to compute pln t+yiL414+ BL, 
for three convenient wave lengths. This has already been done for 
all wave lengths (column 8 of Table 1); we choose 450, 550, and 650 
mu, which give 269.9, 9,437.4, and 867.9, respectively. Then we 
set up the following four triplets of simultaneous equations: 


1,441 Lyet+t 192 Ly2+ 14,027 Ly2= 269.9 
6,288 L2+10,420 Lyot+t 322 Lyo=9,437.4 
167 L,+ 27 2Z.. = 867.9 
240 Lys+ 3,913 Ly3= 269.9 
7,604 Li3t 11,134 Lost 6,902 Ling =9,437.4 
1,871 L,3+ 48 L,;+ 698 Ly3= 867.9 


305 Liat 240 Lost 14,027 Lu= 269.9 
7,446 L,44+11,1384 Lo4t+ 322 Loy=9,487.4 
1,830 L,+  48L,, = 867.9 


270 L,5+14,027 Lys= 269.9 
4,604 L,5+ 9,487 L,,;+ 322 L,;=9,437.4 
1,871 L,,+ 868 L,; = 867.9 


and solve for the luminosity coefficients.” 

The second method consists merely of the substitution of the values 
of L,1, Lo:, Lo: (which are 0.4500, 0.5400, and 0.0100, respectively, in 
each case) and of the values of the constants, K, to Ky (which are 
given in relations (10) to (13)) in relation (8). 

The results of computation by these two methods appear in Table 
6. It may be seen that the first method (which is, perhaps, less 
provocative of arithmetical blunders, though it takes about ten 
times as long) yields computational accuracy up to two or three in the 
fourth decimal place. Rejection error in the second method may 
readily be made negligible. 


TaBLE 6.—Results of solutions for the luminosity coefficients 











































Le Lo Le 
Distribution 
curves | 
Method 1 | Method 2 | Method 1 Method 2 | Method 1 | Method 2 

| 
p2, y2, Ba 0. 2872 0. 2875 0. 7330 0. 7327 —t. 0208 —0. 0203 
p23, “y3, Ba . 4367 . 4367 . 5268 . 5267 . 0366 . 0867 
ps, v4, Bs . 4601 . 4600 . 5401 . 5400 . 0000 . 0000 
pb, “5, Bs . 0000 . 0000 1. 0000 1. 0000 . 0000 . 0000 





48 We know, without troubling to integrate with respect to wave length, that each curve has the same 
area as pi, yi, and 6; because the sum of the coefficients of p:, 71, and @; in each of the 12 equations given in 
relations (10), (11), (12), and (13) is unity (except for discrepancies ef ene in the last place due to errors of 
rejection in the computation). 

4* The numbers in the left members of the four triplets of equatiens may be obtained, of course, from 
columns 2, 3, and 4 of Tables 2, 3, 4, and 5 for wave lengths 450, 550, and 650 my. 
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L,2, Lg2, and Ly. were further checked by computation of p2L,2.+ 
2192+ B2Ly2 which was found to agree for all wave lengths with 
pilnt+¥iL91+ 6iL>: in accordance with relation (4); hence, the values 
found, L,2=0.2875, L42=0.7327, and Ly2.=0.0203 are the luminosity 
coefficients for the distribution curves of the Konig ‘‘Grundempfin- 
dungen” according to the mixture data embodied in the O. S. A. 
“excitation” curves.” L,3;, L,3, and Ly; were checked by compu- 
tation from relation (6a)*! and found to be correct. There is no 
need of checking L,4, L,4, and Ly, or L,s, Lys, and L,; because the 
constants, K, to Ky, by which 4, ys, and 6, (relation (12)) and 
bs, Ys, and B; (relation (13)) were computed, were chosen so as to 
obtain the luminosity coefficients found. The correctness of this 
choice can be seen by inspection of relations (12) ” and (13). 


V. DEMONSTRATION THAT THE NEW SETS OF DISTRIBU- 
TION CURVES EMBODY THE MIXTURE DATA OF THE 
O. S. A. “EXCITATION’’ CURVES 


Since from their derivation (see relations (10),( 11), (12), and (13)) 
the new sets of distribution curves all satisfy relation (2), we know 
that they must embody the same mixture data as the O. S. A. ‘‘ex- 
citation’? curves. A demonstration more convincing than this 
formal proof, perhaps, is to compute by each set of curves the domi- 
nant wave length, purity, and luminosity of the color stimuli ob- 
tained by filters illuminated by Abbot-Priest sunlight, and compare 
the values obtained. If all five sets of distribution curves yield the 
same values of dominant wave length, we could say that the identity 
of their mixture data had been checked. Since luminosity coefficients 
have been found for each set of distribution curves, we can also com- 
pute the colorimetric purity and transmission of the filters (which 
gives a measure of the luminosity of the color stimulus) for Abbot- 
Priest sunlight. If all five sets of distribution curves yield the same 
values of colorimetric purity and transmission for Abbot-Priest sun- 


8 It is convenient to point out here that the computation of the luminosity coefficients for this approxi- 
mation to the Grundempfindungskurven demonstrates that the failure reported by Ives (see footnote 18, 
p. 519) of the K6énig curves to yield consistent luminosity values was due (as he implies but does not state 
explicitly) to his rejection of a negative value for the ‘‘blue”’ coefficient. With a negative value, Ives could 
have obtained as close agreement with Konig’s original Grundempfindungskurven as he did with his 
transformed curves and positive coefficients. It should be noted that the convexity between 400 and 
450 my, which the spectrum locus according to the K6nig-Ives curves shows, is not due to the transformation 
of the coordinates, nor to the avoidance of a negative luminosity coefficient, nor to luminosity considera- 
tions at all; it is due to the fact that the original mixture data on which the K6nig-Ives curves are based is 
different from that on which the O. S. A. curves are based. The essential difference lies in the inclusion in 
the K6énig-Ives curves of data by partially color-blind observers. There is fairly good ground to believe 
that such inclusion is justifiable when the Kénig Grundempfindungskurven are being considered because 
it was shown by K6nig that the color responses of his protanopic and deuteranopic observers could be pre- 
dicted closely from the Grundempfindungskurven of the normal observers merely by the omission of either 
the red or the green curve. Although it is the author’s opinion that such inclusion is still questionable, 
nevertheless there is some reason to suspect that an improvement was wrought by the introduction of data 
by the partially color-blind observers because Guild (A Critical Survey of Modern Developments in the 
Theory and Technique of Colorimetry and Allied Sciences, Proc. Optical Convention, London, Pt. I, p. 
57;-1926) who uses the K6nig-Ives curves for routine computation criticizes the O. S. A. “‘excitation’’ curves 
in these terms, ‘‘ My own view is that these are in some respects less satisfactory than the Kénig-Ives curves. 
One serious defect is the absence of any reappearance of red in the violet region, which on Weaver’s basis 
would be all of one color from 440 mu onwards.’’ This seems to imply that Guild has evidence that the 
K6nig-Ives curves, which give a marked convexity in the spectrum locus on the mixture diagram from 400 
te 450 mu, agree with experimental results by his observers better than the O. S. A. ‘‘excitation” curves 
which do not have that convexity (compare Guild’s fig. 12 with figs. 2 to 5 of the present paper). It is also 
true that Houstoun (Phil. Mag. (6), 45, p. 176; 1923) with rather crude apparatus found this convexity, 
but it is probable that stray light was present in sufficient quantity in the photometric field of Houstoun’s 
apparatus to give hisresult. (For the effect of stray light under these conditions, see Abney, on the Change 
of Hue of Spectrum Colors by Dilution with White Light, Proc. Roy. Soc., A., 83, 1909.) 

5! Relation (6a) proves, of course, to be a special case of relation (6). 


8? Note that 45/46 is approximately 0.9783, and that 1/46 is approximately 0.0217. See relation (6) et seq. 
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light, we could say that not only had the identity of their mixture 
data been checked a second time, but also had we checked (for a 
third time) the accuracy of the luminosity coefficients, since those 
coefficients enter into the computation. We proceed to make these 
computations, and for the purpose of checking we choose four (hypo- 
thetical, nonexistent) filters defined by their spectral transmissions 
which are zero for all wave lengths except as follows: 





Filter No. (m) | Spectral transmission (Ty) 1 





Ts99= 1. 00000 Tsi0=0. 37680 
T640= 1. 00000 Tso= . 99291 
Ts90= 1. 00000 Tiso= . 72571 
T seo = 1. 00000 Tss0= . 47877 








1 Of course, these values of spectral transmission were not chosen at random. The large wave-length 
regions of zero transmission (all but two intervals of 10 my for each hypothetical filter) result in the avoid- 
ance of much computation and, at the same time, provide a more rigorous test of the colorimetric identity of 
the new sets of distribution curves than that afforded by actual filters. The transmissions which are 
not zero were so chosen that the dominant wave length computed in the usual, routine way from theO.S. A. 
“‘excitation’’ curves for each filter (m=1, m=2, m=3, m=4) is as nearly as convenient an exact multiple of 
10 (530, 570, 510, and 480, respectively) when expressed in millimicrons. Such dominant wave lengths 
may be computed with more certainty (say to 0.01 instead of to 0.1 my) than values of dominant wave length 
—— the ordinates of the distribution curves are not specified explicitly but only indirectly by interpo- 
ation. 
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The method of computing dominant wave length, colorimetric 
purity and transmission follows closely that recommended by the 
O. S. A. Committee on Colorimetry for 1920-21 * except for the 
computation of purity for which papers by Priest * and Judd * 
should be consulted. Table 7 shows (1) the products of the dis- 
tribution curve ordinates (p,, Yn, Bn) by transmissions (7',,) ® of 
filter, m; (2) the sums of these products ‘which when multiplied by 


10 constitute the evaluation of | Pnl'mdd, {, Ynl1'mdd, and 8, T,,dy: 


and (3) two of the three trilinear coordinates (r, g, 6) * of ‘te colors 
whose dominant wave length and colorimetric purity we are com- 
puting. The trilinear coordinates of filter, m, via distribution curves 
Pn» Yn, and £8, are defined as: 


[> * »Tudld 

; J90 

| on Tudd+ f, nT yl d+ i "an Tydld 
0 


| YnL'mdr 
hak 7 


| pal ntr+ | Yn l'mdd+ \, Bn T'mdr 
0 0 . 


T= 


¢ Bul mad 








(°) Tdd+ * Td + f 8, Tndd 
J0 0 


Figures 2 to 5 show mixture diagrams on which the spectrum locus 
has been plotted, the r-coordinate of the spectrum, R,, being plotted 
against the g-coordinate, G,. (See columns 6 and 7 of Tables 2 
to 5.)°* On these diagrams, every color is represented by a point; 
these diagrams possess the property ® that the points representing 
the colors which result from the additive mixture of two light stimul 
producing any two colors fall upon the straight line connecting the 
points representing those colors. The ‘‘neutral” (r=1/8, g=1/3) 
point is connected by straight lines to the points representing the 
colors of the extremes of the spectrum; these lines serve to divide the 
diagram into the spectral colors and the nonspectral, or purple, colors. 
The points representing the colors of filters Nos. 2, 3, and 4 (m=2, 
3, and 4) are also shown; the color of filter No. 1 (m=1) is so close 
to the ‘“‘neutral”’ color that its point has been omitted for the sake of 


® L, T, Troland, J. Opt. Soc. Am. and Rev. Sci. Inst., 6, pp. 507-18; 1922, 

41, G. Priest, The Computation of Colorimetric Purity, J. Opt. Soc. Am. and Rev. Sci. Inst., 9, pp 
503-520; 1924. Also The C omputation of Colorimetric Purity Il, J. Opt. Soc. Am. and Rev. Sci. Inst., 
13, pp. 123-132; 1926, 

55 ay > The Computation of Colorimetric Purity, J. Opt. Soc. Am. and Rev. Sci. Inst., 13, pp. 
133-152; 1926 

% The subscript, m, here denotes the filter, not (as is usual) the wave length. 

57r and g are given in Table 7, although 6 is not. But from relation (14) we know that r+g+5=1: 
hence we may easily find b from r and g since it is 1—r—g. 

58 The trilinear coordinates (Rn, Gn, Bn) of the spectrum referred to A bbot-Priest sunlight as the ‘‘neu- 
tral’? (r=1/3, g=1/3) stimulus have been computed only for wave lengths between 410 and 670 mz, 
inclusive, because beyond these wave-length limits according to the mixture data of the O. S. A. ‘“‘excita- 
tion’’ curves in their extrapolated form the trilinear coordinates are constant. If, for example, 
the computation were carried out for 380, 390, and 400 my, the trilinear coordinates found would difler 
from those of 410 my only by reason of computational errors of rejection. 

5° This property constitutes one expression of Newton’s law of color mixture; on this account, the dia- 
grams are sometimes called ‘‘ Newton’s mixture diagrams,” 
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Trilinear Coordinatés of the Specirum 
referred to the Grundempfindungen” 
(Koenig:Gesammelte Abhandlungen, p3i6) 
as stimulus primaries 
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Wave length in mu 
FiaurE 2.—The distribution curves, p2, y2, and Bo, and the mixture diagram 
showing the spectrum locus given by p2, y2, and 8, 


Note that the points representing the colors of filters 2, 3, and 4 (see Table 7, r and g) fall on the 
straight lines connecting the ‘‘neutral”’ point with 570, 510, and 480 my, respectively. 
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Trilinear Coordinates of the Spectrum 
referred to a sel of stimulus primaries 
which have been found useful in deriving 
the “minimum purily perceptibie” 

(See: JLO.S.A. & RSL, 16. p.115;1928) 





The three ‘distribution’ curves 
which give the mixture diagram 
shown above. 
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Fiaure 3.—The distribution curves, p3, ys, and 83 and the mixture diagram 
showing the spectrum locus given by p3, v3, and Bs 


Note that the points representing the colors of filters 2, 3, and 4 (see Table 7, r and g) fall on the 
straight lines connecting the ‘‘neutral” point with 570, 510, and 480 my, respectively. 
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Trilinear Coordinetes of the Spectrum 
referred to stimulus primaries such 
that the blue “distribution” contributes 
nothing to the luminosity (ie.L,=0) 
curve of the standard “neutral” 
(Abbot-Priest- Sup). 
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The three “distribution” curves 
which give the mixture 
diagram shown above. 
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Figure 4.—The distribution curves, ps, v4, and B,, and the mixture diagram 
showing the spectrum locus given by ps, ys, and By 


Note that the points representing the colors of filters 2, 3, and 4 (see Table 7, r and g) fall on 
the straight lines connecting the ‘‘neutral’’ point with 570, 510, and 480 my, respectively. 


98046°—30——_6 





Bureau of Standards Journal of Research 





100 200 300 
: ‘ 670-720- 
Trilinear Coordinates of the 
Spectrum referred to 
stimulus primaries such thal 
the green “distribution” curve 
is the luminosity curve of 
the standard “neutral” 
(Abbot-Priest -Sur). 
A reduction of the 
mixture dala embodied 
in the O.S.A. extrap 
“excitation” curves 





The three “distribution” 
curves which give the 
= diagram shown 
above. 














"400450 


$00 550 600 650 
Weve length in mu 


Figure 5.—The distribution curves, ps, ys, and Bs, and the mixture diagram 
showing the spectrum locus given by ps, ys, and Bs 


Note that the polate representing the colors of filters 2, 3, and 4 (see Table 7, r and g) fall on 
the straight lines connecting the ‘‘neutral’’ point with 570, 510, aad 480 my, respectively. 
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clarity. The fact that all these apparently different mixture dia- 
crams (figs. 2 to 5), represent the same body of mixture data may b« 
approximately demonstrated by the fact that the points representing 
the colors of filters Nos. 2, 3, and 4 fall in each case on the straight 
line connecting the ‘‘neutral’’ point with the point representing the 
color produced by light of wave length 570, 510, and 480 mu, respec- 
tively. We may also see now what the primary color processes are 
whose distributions throughout the spectrum are given by p,, Yn, and 
8, (n=1 to 5). The “‘red” primary process for set, n, of distribu- 
tion curves is that designated on the mixture diagram by r,~=1, 
g,=0; the “green”? primary process is that designated by r,=0, 
gn—1; and the ‘‘blue” primary process is that designated by r,= 
gn=0. 

We proceed with the more exact method for attaining the demon- 
stration that the several mixture diagrams embody identical mixture 
data (computation of dominant wave length and purity of the filter). 
The condition that a point (r, g) on the mixture diagram lies on the 
same straight line with the ‘“‘neutral” point (r=1/3, g=1/3) and a 
point (R, G) of the spectrum locus is that: (r—1/3) /(g—1/3) = (R—- 
1/3)/(@—1/3). We proceed to compute (r—1/3)/(g—1/3) for each 
of the four filters (m=1 to 4) and for each of the five sets of dis- 
tribution curves (n=1 to 5) and to compare it with (R—1/3)/ 
(G—1/3) for the proper wave length and set of distribution curves. 
Table 8 shows this comparison. It is seen that discrepancies exist 
in every case; examination shows, however, that these discrepancies 
may be ascribed to rejection error, since they are smaller than the 


change introduced by an error of one in the fourth place of the values 
of r and g. 





® It is also true for each diagram (figs. 2 to 5) that the points representing the colors of filters Nos. 1 to 
4 (m=1 to 4) lie upon the straight lines connecting the points representing the colors produced by light of 
wave lengths 490 and 610 my, 500 and 640 my, 440 and 590 mu, and 400 and 550 my, respectively. These 
straight lines were omitted for the sake of clarity. 

61 Reference to fig. 3 shows that, for n=3, the “‘blue’”’ primary process is that which is evoked by homo- 
geneous radiation of wave length 380 to 410 my, when the visual mechanism is in such a state of adaptation 
that Abbot-Priest sunlight evokes the ‘“‘white”’ or ‘“‘neutral’’ process. Similarly fig. 4 shows that, for 
n=4, the ‘“‘red’’ primary process is that evoked by homogeneous radiation of wave length 670 to 720 my. 
The other primary processes plainly can not be evoked by homogeneous radiatioa of any wave length for 
a state of adaptation for which Abbot-Priest sunlight yields the ‘‘white’’ response because the points 
representing them do not fall on the spectrum locus. It is equally plain that they can not be evoked by 
a mixture of homogeneous radiation with Abbot-Priest sunlight because they lie outside the area bounded 
by the spectrum locus and the straight line joining its extremes. ‘Take, for example, tne ‘“‘blue”’ primary 
process for n=4 (fig. 4); this process could be evoked by a stimulus of dominant wave length about 452 mz 
(since the point representing it lies on the same straight line as the points representing the colors evoked 
by Abbot-Priest sunlight and homogeneous radiation of wave length about 452 my) and of purity greater 
than unity (since the point lies farther from the ‘‘neutral’’ point than does that of the color evoked hy 
homogeneous radiation of wave length 452 my). Such a stimulus, of course, does not exist; hence, it is 
proper to say that this color process which we have happened to choose as a primary process in one case 
(n=4) to place at ra=0, gs=0 of our mixture diagram corresponds to an imaginary stimulus if the visual 
mechanism of the observer be in the ‘‘neutral state’; that is, in such a state of adaptation that Abbot- 
Priest sunlight evokes the ‘‘white’’ response. It is not proper to say, however, that the color process, 
itself, is nonexistent, or virtual, because it is possible to evoke colors for the visual mechanism in one state 
of adaptation which can not be evoked if the visual mechanism is in a different state. We say, therefore, 
that some of the color processes which we have happened to choose for primaries correspond to imaginary 
stimuli for the visual mechanism in the “neutral state’; whether these processes, themselves, are real 
or not, is not definitely known nor is it, for our purposes, important. 
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TaBLE 8.—Results of computation incident to evaluation of dominant wave length 
and colorimetric purity of the four filters (m=1 to 4) illuminated by Abbot-Pries; 
sunlight 





Filter 1 Filter 2 
m=1 m=2 m=3 m=4 





Set (n) of | 
distribu- ‘ ; : : 
tion curves) p—173 | R—/3| DIE | r—y3 | R-ys| RE | ros | Rous | eee | r-18 | Rows | Dit 
g—1/3 | G—1/3 | ence | 9-1/3 | G—1/3 | ence | 9-3 | G—1/3 | ence | O—V3 | G—1/3 | ence 


—0. 0333]—0. 0114/0. 0219}-+-0. 8919} +-0. 8911/0. 0008] —0. 3262] —0. 32600. 0002|+-2. 3850)+-2. 3851/0. 0001 
—. 1379] —. 1225} . 0154) +. 6359] +-. 6356) . 0003) —. 4422) —. 4419) . 0003)-+-1. 5419)+-1. 5411) . 0008 
—. 6316] —. 5787) .0529) +. 6540) +. 6508) . 0032) —. 7570) —. 7565) . 0005) —4. 9825) —4. 9914) . 0089 
—. 0333) —. 0251) . 0082} +-. 8337] +. 8338) .0001) —. 3306) —. 3303} . 0003|-+-2. 2107|+-2. 2101) . 0006 
+. 1905] -+-. 2153} . 0248) +-. 9680} +-. 9675) . 0005) —. 2057 = 209 . 0003}-+1. 5809/-+-1. 5807} . 0002 
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Table 9 shows the final results of computation of dominant wave 
length, purity, and transmission of the four filters illuminated by 
Abbot-Priest sunlight. The dominant wave lengths are computed 
from the differences recorded in Table 8, together with the known 
rate of variation of dominant wave length with (r—1/8)/(g—1/3) 
for the wave lengths in question. The purity, p, is computed from: 


RL,+GL,+BL, 
P™RL,+GL + BL. + @O— G)/(1—39) 





(15) ® 


TABLE 9.—Computed values of the dominant wave length, colorimetric purity, and 
transmission of filters (m=1 to 4) illuminated by Abbot-Priest sunlight 












































Filter 1 Filter 2 | Filter 3 Filter 4 
‘ m=1 m=2 m=3 m=4 
Set (n) of 
F senypecnnal l Peon 
jon curves , | | leas ; | 
Ain Ain | Ain Ain 
my P | T. my | Pp T. my P T. my P qT 
__ 528. 33] —0. oso, eon 570. 01|+-0. 5521/0. 04608| 509. 99) —0. 6461/0. 07215) 480. 00)+-0. 3235/0. 04976 
| 528.91] —. 0156 551 | 570. 01) +. 5524) . 04609) 509.98) —. 6463) .07213) 480.01) +. 3235) . 04976 
ae 525. 18} —. 0152 “Yooed 570. 02) ++. 5511) . 04609) 509. 96} —. 6463) .07214| 480.01) +. 3235) . 04976 
_., eae 529. 39) —. 0152} . 03651) 570. +. 5524) . 04608) 509.99] —. 6459) . 07214) 480.00) +. 3236) . 04976 
a 528. 45) —. 0158) .03651) 570.01) +-. 5518} . 04608) 510,01) —. 6461) .07214) 480.00) +-. 3236} . 04976 
} 








The transmission (7,) for Abbot-Priest sunlight is computed as: 


Lin, pT ndd+ Ly 1 [, 10Tm dn+Ls Sais dn 
T,= — Te : 2 (16) 
Lia, “padh+ Ly, | yetd+Ln, | Bd 





where L,,,, L,,, and L», are given in Table 6, method 2; one-tenth of 
fj poTadr, f, nT nd, and [Ba Tadr are given in Table 7; 


" pad, |, yrds, and [000 are taken as 1,000,000,% and their 





62 This method is applicable because the dominant wave lengths fall so closely on the even 10 my where 
the distribution curve ordinates (and, hence R—1/3 and G—1/3) are definitely specified. The transmis- 
sions of the four filters were chosen with this end in view. See footnote 1 to —- . 534. 

*% D. B. Judd, The Computation of C ene Purity, J. Opt. Soc. Am. v. Sci. Inst., 13, p. 
135; 1926. Relation (15) is form “‘Judd G.”’ In 3 cases out of the 20, the “‘Judd in form (Judd, loc. cit.) 
was used because of its greater convenience. 

& See footnote 38, p. 525. 
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weighted sum is 1,000,000, since the luminosity coefficients have been 
adjusted so as to sum to unity. 

It is seen that (with one exception, the dominant wave length of 
filter No. 1, m=1®) to a high degree of accuracy the dominant 
wave length, colorimetric purity, and transmission for Abbot-Priest 
sunlight of the four filters is independent of the choice (among the 
five, n=1 to 5) of a set of distribution curves. It has been demon- 
strated, therefore, that the four new sets (n=2 to 5) of distribution 
curves embody the same mixture data as the O. S. A. “excitation” 
curves (n=1). 


VI. CHOICE OF A SET OF DISTRIBUTION CURVES 


As has been pointed out in the introduction, convenience in dis- 
cussion of psychophysiological theory may justify the temporary 
adoption of any one of a wide range of sets of distribution curves. 
A set very similar to po, y2, and B2 was chosen by Konig and Dieterici 
because it suggested a simple way of explaining the facts of congenital 
dichromasy. po, Y2, and 2 have also served to suggest (to the present 
writer) a simple way of explaining the ‘‘hue change”’ which is observed 
when “white” light is added to certain portions of the spectrum.” 
ps, Y3, and 6; were used by the present writer” to represent the 
experimentally known facts concerning sensibility to purity change.® 
Neither of these sets of distribution curves could be used advan- 
tageously in the routine computation of dominant wave length, 
colorimetric purity, and transmission because both are less con- 

' venient for computation than the O. S. A. “excitation” curves 
' (, Yo, Bo) from which they were derived.” A set of distribution 
curves proposed by Luther ” refers to such a choice of stimulus 
primaries that L,=0. The computational advantage of this choice 
of primaries is quite evident. These same advantages may be 
obtained by the use of px, v4, and 64, which also have a further advan- 
tage over those of Luther because they involve more ordinates having 
the value zero. 

It seems, however, that there exists a choice of stimulus primaries 
which expresses the mixture data of the O. S. A. “excitation” curves 
in a way that affords still greater convenience in the routine compu- 
tation of colorimetric purity, and transmission than any choice of 
primary color processes heretofore proposed. The set of distribu- 
tion curves resulting from this choice of primary color processes is 
Ps, Ys, and @; defined in relation (13). The computational superi- 
















































65 The explanation for the deviation of the dominant wave length of this filter from 530 mu by more than 
{ mu lies, of course, in the close approach to zero of the purity of that filter (—0.015). It has already been 
shown (Table 8) that these discrepancies are ascribable to errors of rejection in computing. 

6 W. de 7 Abney, On the Change of Hue of Spectrum Colours on Dilution with White Light, Proc. 
Roy. Soc., A., 88, 1909. Also Abney, Researches in Colour Vision, London, Longmans-Green, pp. 255- 
266; 1913. D. B. Judd, The Empiric Relation between Dominant Wave Length and Purity, J. ‘Opt. Soc. 

Am. and Rev. Sci. Inst., 14, p. 475; 1927. 

 D. B. Judd, Sensibility to Color Change Determined from the Visual Response Functions: Extension 
to Complete and Partial Dichromasy, J. Opt. Soc. Am. and Rev. Sci. Inst., 16, p. 115; 1928. 

° Reference to fig. 3 will show one of the characteristic properties of this set of distribution curves. It 
is seen that the spectrum locus (at about 572 my) approaches much closer to the ‘“‘neutral’’ point (r=1/3, 
g=1/3) than it does in figs. 2, 4, or 5. This is the dominant wave length of the color stimulus which is, for 

normal observers, most confusible with the “neutral” stimulus. (See I. G. Priest and F. G. Brickwedde, 

The Minimum Perceptible Colorimetric Purity as a Function of Dominant Wave Length with Sunlight 

2 as Neutral Standard, J. Opt. Soc. Am. and Rev. Sci. Inst., 13, p. 306; 1926.) 

; * They are less convenient chiefly because they involve fewer ordinates having the value zero. 

” R, Luther, Aus dem Gebiet der Farbreizmetrik, Zs. f. Techn. Physik, 8, p. 544; 1927 
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ority of this set of distribution curves can best be established by 
enumerating the conveniences which it involves: 

1. No negative ordinates.” 

2. twenty out of one hundred and five ordinates specified aye 
zero.” 

3. L,=lL,=0.' 

Although the advantage of having L,,=I,,.=0 (which makes 
L,,=1, and makes y; identical with the luminosity function) * wil 
scarcely be denied, still it is of interest to point out exactly how 
simple the formulas to be used in routine computation of trans- 
mission and colorimetric purity become: 


T,- | 51 mdr f ( ysdr (17) . 
0 / JY 


_G(1—3g)_ 3-1/9 a 
~ g(1—3G) 3-1/4 8) 


We do not propose that p;, y;, and 8; be adopted forthwith because 
the confusion of changing from the O. S. A. ‘‘excitation”’ curves in 
their extrapolated form (po, yo, 69) would probably more than out- 
weigh the subsequent gain in computational convenience. Hovw- 
ever, when it does become desirable to adopt a new set of mixture 
data which is more representative of average, normal vision than 
that embodied in the O. S. A. “excitation” curves, it is evident 
that the primaries embodied in ps, Ys, and 6; could be taken with 
advantage for routine computation rather than those embodied in 
the O. S. A. “excitation”’ curves. 

I wish again to express my indebtedness to Dr. L. B. Tuckerman 
for his proof of the theorem of Section II. Doctor Tuckerman’s 
suggestions have resulted in a considerably improved presentation 
of the introduction. 


71 In this respect ps, ys, and 8; are no better than a number of other sets of distribution curves. (See 
footnote 13, p. 518.) 

72 In this respect, these distribution curves are second only to the O. S. A. “‘excitation’’ curves then 
selves (po, yo, Bo), Which have 30 out of 105 ordinates specified equal to zero. They are, therefore, somewhat 
less convenient than the O. 8S. A. ‘‘excitation’”’ curves in their extrapolated form for the computation o/ 
dominant wave length. 

7% There exists an infinity of sets of distribution curves which have this property; this set is the most 
advantageous with respect to the two points already mentioned. Another of this infinity of sets was 
approximately evaluated by Schrédinger (Ueber das Verhiltnis der Vierfarben- zur Dreifarbentheorie, 
Sitz. Akad. Wiss., Wien, Abt. Ila, 134, pp. 471-490; 1925) in order to demonstrate that the mixture dats 
may suggest a four-color as well as a three-color theory of vision. In fact, a four-color theory is mathie- 
matically equivalent to a three-color theory in which one of the three primary color processes is tak¢ 
as “‘white.’’ We say the set of distribution curves was ‘approximately evaluated”’ because the mixt Te 
data embodied in Schrédinger’s curves are those of the Konig Grundempfindungskurven which are 10 
quite the same as those of the O. S. A. ‘“‘excitation’”’ curves which we have used. Furthermore the lum ni- 
nosity curve which Schrédinger derives from the Kénig Grundempfindungskurven is distinctly too high 
for short wave lengths. The discrepancies are, in fact, the same ones which led Exner (see footnote 1%, 
p. 519) to make unwarranted arbitrary changes in the Konig Grundempfindungskurven. Though it was 
not essential to his purpose, Schrédinger could have derived an acceptable luminosity curve from t! 
Konig Grundempfindungskurven (see Sec. IV especially footnote 50, p. 533) by using a negative luminosit} 
coefficient (his term, +, see his relation (1)) of the proper magnitude for the blue curve. 

™ It has already been pointed out that if any luminosity coeflicients be chosen whose sum is unity, Wé 
may find many sets of distribution curves to which they apply (see relation (6) et seq). This set (ps, 
8s) is one for which Z-=0, L,=1 and L»=0, the choice being made purely for the purpose of simpli fyi g 
computation. 

75 Compare with the general formula (16). 

7% Compare with the general formula (15). Of course, this form is not always applicable to computatiol 
because when G approaches 1/3, it is difficult to avoid serious errors of rejection. In these cases the equally 
simple form, p= G(r—g) /g(R—G), may be used. 
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Vil. APPENDIX—A GRAPHICAL INTERPRETATION 


It has been pointed out ” that the existence of an infinite number of 
sets of distribution curves satisfying relation (2) corresponds to the 
possibility of choosing an infinite number of sets of primary color 
processes in terms of which to express a given body of mixture data. 
If all color processes are represented on a mixture diagram (such as 
figs. 2 to 5), each process by a point, this possibility corresponds to 
that of choosing any three points in the plane as reference points 
(with trivial exceptions already noted). It may be easily shown that 
if the triangle formed by connecting these three points by straight 
lines incloses the spectrum locus, then the distribution curves of the 
primary color processes represented by the three reference points 
will have positive ordinates throughout. Reference to Figures 2 to 
5 shows that the four sets of distribution curves we have taken as 
examples are cases of this kind.” 

Similarly the freedom of choice for the luminosity coefficients (see 
relation (6), et seq.) may be interpreted in terms of the selection of 
reference points on the mixture diagram which represent the primary 
color processes. We proceed to develop the basis for such an inter- 
pretation. The equation 


rL,+gL,+bL,=0 (19) 


defines a straight line on the mixture diagram which represents color 
processes of zero luminosity ; hence, we shall call it after Schrédinger ” 
‘“Alychne”’ (lightless). Naturally this line does not intersect the 
spectrum locus; the stimuli corresponding to the color processes 
represented by points on the Alychne are all imaginary. If one of 
these points be chosen to represent one of the primary color processes 
of a three-color system, the luminosity coefficient attached to that 
color process will be zero. By analogy it is natural to suppose that 
all points which fall on the same side of the Alychne as the spectrum 
locus are associated with positive luminosity while those which fall 
on the opposite side refer to color processes of negative luminosity ; 
hence, we might guess that if one of the first group of points were 
chosen to represent a primary color process the luminosity coefficient 
would be positive and if one of the second group of points were chosen 
the luminosity coefficient would be negative. We proceed to sub- 
stantiate this guess. 

Theorem.*'\—If a luminosity coefficient is positive (negative), the 
point representing the corresponding primary color process lies on the 
same (opposite) side of the Alychne as the spectrum locus. 

Proof.—As already noted, the Alychne does not intersect the spec- 
trum locus; hence, if we can show that any point lying within the 
spectrum locus and the straight line joining its extremes lies on the 
same (opposite) side of the Alychne as the point representing the 


™ See footnotes 9 and 10, p. 517. 

* The O. S. A. “excitation” curves, the Elementarempfindungskurven of Kénig, the Kénig-Ives curves, 
and the “‘sensation’”’ curves of Abney also satisfy this condition. See footnotes 13 and 18, pp. 518 and 519. 

* E. Schrédinger, Ueber das Verhiiltnis der Vierfarben- zur Dreifarbentheorie, Sitz. Akad. Wiss., Wien, 
Abt. Ila, 184, p. 476; 1925. 

* Although this was pointed out by Schrédinger without proof, the accuracy of his statement may readily 
be checked. Assume (for example) Z-=0. We must see whether the point corresponding to the red primary 
process falls on the Alychne; that is, we must see whether the coordinates (r=1, g=0, b=0) satisfy relation 
(19). Substitution shows this to be the case. 

| For simplicity this theorem is stated in a form applicable only to trilinear diagrams in which the spec- 
aon a does not pass through infinity. This requires that p+y+8 be not less than zero for any wave 
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primary color process having a positive (negative) luminosity coeffi- 
cient, the theorem will be proven. We elect for the sake of conven- 
ience to show that the “white” point (r= 1/3, g=1/3, b=1/3) is so 
situated. 

Assume (for example) Z, greater than (less than) zero; we must 
show that the point (r=0, g=0, b=1) lies on the same (opposite) 
side of the Alychne as the “white” point. Now the Alychne may 
be defined in terms of r, g, L,, and L, alone since: 


Pe ae ae ae ae ae 


r+g+b=1 (See relation (14)) 
L,+L,+L,)=1 (See Table 6) ® 
(2L,+L,—1)r+ (Z,+2L,—1)g+1—L,—L,=0 (20) 


and 
thus 
Furthermore, we know that any point (r;, g) is on the same (opposite) 


side of the line Ar+ Bg+C=0 as the origin provided: 


Aneta OC 
A+ BP 





is positive (negative), where the denominator of the fraction is given 
the same algebraic sign as C.** 

Now, from (20), C=1—L,—L,=L,, and since, by hypothesis, L, 
is greater than (is less than) zero, the theorem is proved (both cases) 
if for r;=g,=1/3, Ar; + Bg,+C is greater than zero. But, from (20); 


A=2L,+L,—-1 
B=L,+2L,-1 
O=1—L,-L, 





and substitution shows that when 7,;=g,=1/3, Ar,;+Bg,+C=1/3 
which is greater than zero. 

Therefore, for sets of distribution curves like those of the present 
paper, it has been proven that the spectrum locus is on the same side 
of the Alychne as the point representing the primary color process if 
the corresponding luminosity coefficient is positive, and on the 
opposite side, if the luminosity coefficient is negative. 

In Figure 6 are shown the same trilinear coordinates of the spectrum 
(R., G.; see columns 6 and 7 of Table 2) that are shown in Figure 2; 
but the scale is so chosen that the Alychne and the points representing 
the primary color processes of some of the other sets of distribution 
curves dealt with may also be shown. From (20) and from the values 
of the luminosity coefficients found for p2, y2, and Bz (see Table 6), 
the equation of the Alychne is: 


r2 = 0.066 — 2.446 go 


The points representing the primary color processes whose distribu- 
tions according to wave length are evaluated by po, v2, and f; are, of 








82 See footnote 29, p. 522. Since we make use of the “white” point at (r=1/3, g=1/3, 6=1/3) this proof is 
good for only those sets of distribution curves (like those of the present paper) whose ‘‘white”’ point falls 
at that place on the mixture diagram. Similar proof for sets of distribution curves not satisfying this restric 
tion can readily be formulated. 

88 The condition that. the luminosity coefficients sum to unity is imposed for the sake of convenience 
throughout the present paper. It makes the present proof easier to state, but similar proof can readily be 
given for sets of distribution curves whose luminosity coefficients sum to any positive value. 

% Ashton, Plane and Solid Analytic Geometry, New York, Scribners, p. 54; 1902. 
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course (r=1, g=0, 6=0), (r=0, g=1, 6=0), and (r=0, g=0, b=1), 
respectively. These points have been labeled R’,, G’2, and B’s, 
respectively. The analogous points for the O. S. A. ‘“excitation’’ 
curves (see Table 1) have been labeled R’,, G’;, and B’;. R’, 
and B’, are located at the extremes of the spectrum locus while G’, 
falls at the intersection of the tangents to the spectrum locus at R’, 
and B’;. The points representing the primary color processes whose 
distributions throughout the spectrum are given by p3, y3, and 6; 





The Spectrum Locus and the 
points R.G,.6,, R:G,8, RG, Bs, and 
R,G3,B, which represent the 
primary color processes of 
four of the five sets of 
distribution curves dealt with. 
Note that the three primary color processes 
having luminosity coeffkients equal to zero 
are represented by points (6,.%;83) whicn 
fall upon the Alychre 

Note. too,.that the primary color processes 
having positive luminosity coeffients Gee 
tabie6) are represented by points on the 
same side of the Alychne as the spectrum 
locus. while that having anegative coef 
ficrent (B,)is represented by a point on the 
opposite side. 














Gi. Gand Gs 





FiaurE 6.—The mizture diagram and spectrum locus of Figure 2 to such a 
scale that the Alychne (lightless line) may be shown together with the points 
representing some of the primary color processes dealt with 

The relation between the algebraic sign of the luminosity coefficient and the position of the point 
representing the corresponding primary color process with reference to the spectrum locus and the 
Alychne is exemplified. 


are not shown because two of these points (those representing the 
red and green primary processes) are located too far from the origin 
to be shown with any convenient scale for r, and g,. The points 
representing the primary color processes of p4, y4, and 6, (see Table 4) 
are labeled R’,, G@’,, and B’, R’, like R’, is located at the ts 


wave-length end of the spectrum locus. G’, does not coincide 
exactly with @’,, but it is so nearly coincident that the departure 
can not be conveniently shown on Figure 6. B’, is located at the 
intersection of the Alychne with the straight line joining the extremes 
of the spectrum locus. R’;, @’;, and B’;, like R’,, @’;, and B’, 
all fall upon the tangents to the extremes of the spectrum locus, the 
difference being that while R’,; and B’, are the points of tangency 
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R’,; and B’, are the intersections of the tangents with the Alychne. 
It is to be noted, of course, that, in accord with the theorem just 
proven, the points (R’,, G@’;, B’1; R’s, @’2; R's, G4; and G’s) repre- 
senting primary color processes to which positive luminosity coeffi- 
cients are attached (see Table 6) fall on the same side of the Alychne 
as the spectrum locus; also the point (B’,) representing the only 
primary color process to which a negative luminosity: coefficient js 
attached is the only point which falls on the side of the Alychne 
opposite to the spectrum locus. 

If, then, we would avoid negative ordinates in the distribution 
curves of the three primary color processes we must choose processes 
such that the resulting triangle completely incloses the spectrum locus 
(as, for example, any of the five sets of distribution curves dealt with 
in the present paper). If we would make as many ordinates as 
possible of the distribution curves zero, we should choose processes 
such that the sides of the resulting triangle are coincident with the 
spectrum locus for as great a wave-length range as possible (for 
example, the O. S. A. “excitation” curves, p;, y:, and B;, best, see 
Table 1; and p;, y;, and B;, next best, see Table 5). If we would 
avoid negative luminosity coefficients, we must avoid, in our selec- 
tion of primary color processes, all processes represented by points 
which fall on the side of the Alychne opposite to the spectrum locus 
(as has been done, for example, for all choices of primary process 
shown on Figure 6 except B’,). If we would make two of the 
luminosity coefficients equal to zero, we must choose two of the pri- 
mary color processes such that the points which represent them fall 
on the Alychne (for example, Schrédinger’s Vierfarbentheorie curves 
see footnote 73, p. 544; and p;, y;, and 6;). If two of the luminosity 
coefficients are zero, the distribution curve of the remaining primary 
color process coincides with the luminosity curve.® ;, y;, and 8; 
are the distribution curves of a choice of primary color processes 
which to a considerable degree combine all the properties which have 
just been enumerated. It is by virtue of these properties that 
Ps, Ys, and 8; are advantageous from the standpoint of routine 
computation. 


WasHINGTON, August, 1929. 









8 We may note that the Kénig-Grundempfindungskurven refer to a ‘‘blue’”’ primary process whose 
point is separated from the spectrum locus by the Alychne. In so far, then, as it is justifiable from the 
standpoint of psychophysiological interpretation to take the Kénig primary color processes as identical 
with some aspect of the retinal or post-retinal activity which actually occurs, it is justifiable to conclude 
that the activity of the ‘“‘blue” component of the visual mechanism involves an inhibition of the bright- 
ness aspect of the response. In other words, we may obtain from K6nig’s work a suggestion of the ‘‘specific 
darkening power”’ of blue light which was advocated by K6nig’s theoretical enemies (the Hering school). 

Ives believed (see footnote 18, p. 519) that Kénig’s blue primary process had a sufficiently arbitrary basis 
to justify another choice of primary that is, a choice which does not involve a negative luminosity coeffi- 
cient. The Kénig-Ives curves embody a blue primary which falls on the same side of the Alychne as the 
spectrum locus. 

% The fact that a certain green process for the sake of computational convenience has been endowed with 
a distribution curve throughout the spectrum which is identical with the lumiaosity curve of the spectrum 
has, of course, no importance from the standpoint of psychophysiological theory whatever. The endow- 
meut could be granted any color process represented by a point on the mixture diagram not on the Aly- 
chne. If of this infinity of color processes there is one process which seems to have from the psychophy- 
sical standpoint a real claim to a distribution curve identical with the luminosity curve, that is the ‘ white” 
process; and in Schrédinger’s Vierfarbentheorie curves (see footnote 73, p. 544) the ‘‘white’’ process is so 
endowed. These curves embody oy eke which permit them to be given important theoretical inter- 
pretations; but it is not surprising that they should be distinctly inferior to ps, ys, and 8s from the standpoint 
of convenience in routine computation. 
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TENSILE PROPERTIES OF RAIL AND SOME OTHER 
STEELS AT ELEVATED TEMPERATURES 


By John R. Freeman, jr., and G. Willard Quick 


ABSTRACT 


A study has been made of the tensile properties at elevated temperatures of 
several different heats of rail steel and some other steels. Special study was made 
of the ductility of the steels in the temperature range 400° to 700° C. In this 
temperature range it was found that certain rail and other steels showed a marked 
dec rease in elongation and reduction of area values. This phenomenon has been 
termed ‘‘secondary brittleness’? and the range the ‘‘secondary brittle range.’ 
Data are also given on the temperature gradients existing in a rail during cooling 
in air and when quenched in water. A theory is presented showing that internal 
failures, such as ‘‘shatter cracks” and ‘“‘hair cracks,’’ may be due to thermal 
stresses developed in a steel structure while cooling through the secondary brittle 
range. 
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I. INTRODUCTION 


The tensile properties of steels at elevated temperatures have been 
studied by numerous investigators ' primarily for the purpose of de- 
termining their suitability ‘for structural uses. _ Tests with this 


1 Symposium on Effect of Sumner Upon the avanti of Metals, A. S. T. M., 2, Pt. II; 1924, p. 9. 
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objective have been confined largely to the temperature range of st 
approximately 20° to 500° C. because of the rapidly decreasing tl 
tensile strength at the latter temperature. Tests have also been ti 
extended to “higher temperatures” for the purpose of determining 
the most suitable forging range. This temperature range is also of te 
theoretical interest. a 
t 
TABLE 1.—Material studied 
; i & 
Chemical composition a 
Heat | Other t 
No. | l elements Remarks . 
| Cc | Mn P | Ss Si 0 
ee Se = ais 0 
| 
Bi vmnce 0.69 | 0.81 | 0.040; 0.020 | 0.19 |..........-- 100-pound B rail killed with Al, poured in sink- Cc 
| head ingot molds, new rail, for Canadian Pg- c 
} cifie Ry. : 
| ese: 64 68 | .020 . 2 ee 100-pound B rail standard practice, new rail, t 
| for Canadian Pacific Ry 
eee <0) oT . 020 de ff een | 100-pound B rail standard a. new rail, 
| for Baltimore & Ohio R. P 
OA.....4 65 . 050 MG. sot | 34 by 2% inch bar stock. 5 ry Source : 
| not known. 
12A....| .98] .39 . 024 = One, NER emne ee ere | 34 by 2% inch bar stock. Annealed 800° ©, 
; one-half hour. Cooled slowly in furnace. 
, ee be we ay tng : 2 
" = , |fLadle analysis from Pennsylvania R. R. 
H1C...) .73| .60 - 026 -050 |. 25 |...--------- {eae O position of new 130 pound heat treated 
C rail. Quenched 30 seconds. 
H2C { 74) .63 . 024 MQ} Bh bscncnsnn Ladle analysis from Pennsylvania R. R. 
ben) Zhi ct . 043 .063 | .31 |.......-.--.| From O position of new 130-pound heat treated 
C rail. Quenched 15 seconds. 
H3C i .82| .67 . 023 5 ti: |S eee Ladle analysis from Pennsylvania R. R. 
P< 500) 08 . 040 . J re From O position of new 130-pound C rail. 
sey 1-081 LG] -€00| .e57| om Lo Ladle analysis. 
. ““1l .66 | 1.59 . 054 . 046 | , | — From O position of new 130-pound C rail. 
M2D i .59 | 1.21 . 022 a he Ladle analysis. 
--!. .59 | 1.30 . 053 SL eo eee From O position of new 130-pound C rail. 






(eh) 2Ob.1. o8e . 030 Rees}, neeeree: eee From O position of 100-pound B rail failed in 

service due to transverse fissures. From Ca- 

nadian National Ry. 

CN3...| 1761 .% - 030 5 ey ig bow eneres ..-| From O position of 100-pound A rail from ad- 

joining position in track toCN1. Sameservice 

but not fissured. 

PUncuel s08) oOn - 033 . 04 Se Uaciak cuca From O position of 130-pound C rail failed after 
approximately five months service due to 

transverse fissure. From Pennsylvania R. R. 














PH1...] .68] .79 . 021 .029| .16 | 















bslherasd icnicign oA From O position of rail from reheated bloom 
after service on Pennsylvania R. R. 
pare... a) . 023 SOROS SW tec eccccc From O yt of direct rolled rail from same 
| heat as :. 
_— 'fCr 0.83 |\Locomotive tire steel from Standard Steel 
ST1....) .46 | .62) 025) .016) .27 {Mo 3 | ‘Wott Ce. Oeeiad te aie 
Sra...) «441 .@2 . 028 017 | .27 {Mo ‘a \Same as ST1, but slowly cooled after forging. 
E-1....| .45 | 1.70 . 024 .010| .16| Mo .38| Special manganese-molybdenum rail from G. 
N. Eaton, Molybdenum Corporation of 
America 























caccubilceieced Ladle analysis; heat poured very hot. 

















The phenomenon of increased tensile strength and decreased 
ductility in the so-called ‘‘blue-heat”’ range (approximately 200° to 
300° C.) is well known. It was suggested to the bureau early in 1926 
that a study of the properties of rail steels in this temperature range 
might prove of interest in relation to the studies of transverse fissure 
failures in rails. There were available from another investigation ° 
















2 SOR EY W., and Humfrey, J. C. W., The Tenacity, Deformation and Fracture of Soft Steel at 
High Temperatures, J. Iron & Steel Inst., 87, p. 219; 1913. DuPuy E., Researches expérimentales sur les 
Propriétés Mecaniques des acier aux Temperatures élévies., Rev. de Met., 18, p. 331; 1921; also J. Iron & 
Steel Inst , 104, No. 2, p. 91; 1921. Sauveur, A., What is Steel? Howe Memori Lecture, A. I. M. M.E., 
70, p 3; 1924. Tnokuty, T., Tensile Tests of Steels at High Temperatures, Sci. Repts. Tohoku Imperial 
Univ ; July, 1928. 

3 Freeman, John R. jr., Dowdell, R. L., and Berry, W. J., Endurance and Other Properties of Rail Steel, 












B. 8. Tech. Paper No. 363; 1928 (see p. 332). 
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several new rails from several different heats made to approximately 
the same specification requirements, the complete manufacturing his- 
tories of which were known. 

It was decided to determine, at least in the preliminary series of 
tests, only the ultimate tensile strength, elongation and reduction of 
area because of the difficulty, time, and cost involved in determining 
the proportional limit and yield point at elevated temperatures. 

A preliminary series of tests was first made on specimens from B 
rails from heats Nos. 3, 11, and 21,‘ the compositions, brief history, 
and sources of which are given in Table 1. This preliminary series of 
tests was completed early in 1927, but in view of the unusual results 
obtained and their possible great importance in explaining the cause 
of certain types of failures, not only in rail but in other steels, it was 
considered desirable to withhold publication until a more detailed 
study could be made of the phenomenon discovered which has been 
termed secondary brittleness. 

The data presented in this report are principally the results of a 
survey made to determine the extent to which the phenomenon exists, 
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Fiaure 1.—Design of tensile test specimen used for elevated temperature tests 



















































































aii se 
* 35 





together with a discussion of the influence its presence in a steel may 
have on the final quality of the steel and are presented with the 
expressed purpose of obtaining the very helpful discussion and coop- 
eration that comes from the publication of the results of studies of 
relatively little-known phenomena. 


II. TEST METHODS 


The design of test specimens used is given in Figure 1. A suitable 
furnace was designed and built for the purpose and is shown schemat- 
ically in Figure 2. Two chromel-alumel thermocouples were mounted 
on each specimen for each test to serve as a check on the temperature 
gradient in the specimen. The wires of the couples were peened into 
small holes drilled in the specimen at the fillets. The temperature 
at the middle section was estimated from a calibration in which a 
thermocouple was also placed at the middle section, and the tempera- 
ture gradient between this section and the fillets determined for the 
various temperatures at which tests were made. The temperatures 
of tests reported are believed accurate within + 10° C. 





‘ Throughout this report the same heat numbers are used to designate the same material, data on which 
have been given in these two previous publications. Endurance and Other Properties of Rail Steel, Free- 
man, John R., jr., Dowdell, RK. L.,and Berry, Wm., jr., B. S. Tech. Paper No. 363. Effect of Service on 
me of Rail Steel. Freeman, John R., jr., and Solakian H. N., B. S. Jour. Research; 
August, i 
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All tests were made in a 100,000-pound capacity testing machine 
of the screw type. A constant rate of application of stress of about 
0.28 inch per minute was used in all cases except in a few special tests 
in which a study was made of the effect of change of rate of applica- 
tion of stress on the property of the steel being investigated. 


III. RESULTS OF PRELIMINARY TESTS 


1. TENSILE PROPERTIES OF THREE HEATS OF RAIL STEEL 
AT ELEVATED TEMPERATURES 


The results of tensile tests of specimens taken from the head and 
base of a new B rail from heat No. 3 are given in Figure 3. The 
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Figure 2.—Design of furnace used for elevated temperature tests 


specimens from the head of rail were taken from the “O”’ position 
and those from the base were taken at the junction of the web with the 
base of the rail which has been designated the “F” position. In 
both cases all the specimens from each position were taken contig: 
uously (end to end) along the length of the rail. 

It is evident from the data that the tensile properties of this rail 
steel in the blue-heat range are characteristic of steel in this tempera- 
ture range. With increase in temperature above normal (20° C.) 





ee ol Tensile Properties at Elevated Temperatures 
there is first a slight drop in tensile strength followed by an increase 
to a maximum value at approximately 300° C. With further increase 
in temperature the tensile strength decreases nearly linearly with 
increasing temperature. The ductility values also indicate no unusual 
properties through the blue-heat range. There is apparently the 
usual slight decrease followed by a definite increase with increase in 
temperature up to about 400° C. However, at this temperature a 





HEAT 3 INGOT 21 RAIL B 
x TS. AS ROLLED 
ate ggg “ { ores. 
R.A. « 
— — TS. AS ROLLED 
“ i F POS. 





()———— ELONG. 


h—-— T.S. ANNEALED 
ELONG, “ 


.--- 


el @-—- RA. 


x 


i F POS, 





0 
°o 





3 
a 














1000 LBS. PER SQ.IN. 
b 
(e] 


























TENSILE STRENGTH 








ke 
Zz 
uJ 
VO 
"4 
WJ 
a 
! 
< 
lu 
a 
< 
G. 
oO 
z 
S 
° O 
x 
a 
Zz 
< 
z 
2 
E 
? 
oO 
- 
uJ 





























100 200 300 400 500 600 700 
TEMPERATURE —DEGREES CENTIGRADE 


FiaurE 3.—Results of tensile tests of specimens from head and base of B rail, 
ingot 21, heat 3 


marked and unexpected inversion occurred. With further increase 
in temperature above 400° C. there is a marked decrease in ductility 
to a minimum value at approximately 650° C. The surprising fact is 
evident that the elongation and reduction of area of this steel at 
650° C. is slightly less than at normal atmospheric temperatures. 
With increase in temperature above 650° C. the ductility increases 
very rapidly to high values as the temperatures of test approach the 
temperature of the A, transformation at about 725° C. 

A photograph of a series of test bars after test is shown in Figure 4. 
The brittle nature of the fracture is evident. 
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This temperature range, from 600° to 700° C., in which this rail 
steel showed such surprisingly low ductility, has been termed the 
“secondary brittle range” and the phenomenon “secondary brittle- 
ness.”” It will be referred to as such throughout this report. 

Tests of specimens from the base of the rail (‘“‘F” position) were 
made to determine whether the phenomenon of secondary brittleness 
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Figure 5.—Results of tensile tests of specimens from head of E rail of ingot 
21 and head of B rail of ingot 1 of heat 3 


noted was common to the rail as a whole or possibly to an unusual 
segregation or allied phenomenon. The close agreement of results 
of tests of specimens from the base of the rail indicates quite definitely 
that the secondary brittleness is a property of the rail as a whole. 


Similar tests were made on specimens from “‘Q”’ position of the E | 


rail of the same ingot and from the same position of the B rail of 
another ingot from the same heat. The results of these two series 
are given in Figure 5. The close agreement of the results obtained 


indicates quite definitely that the secondary brittleness is common to | 
rails from near the top (B rail) and bottom (E rail) of an individual | 
ingot and also that it is common to different ingots from the same | 
heat. Secondary brittleness appears, therefore, to be a property of | 


the heat. 
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This particular heat of steel (heat No. 3) happened to be a special 
heat which had been killed with aluminum and poured into ingot 
molds with large end up and hot tops. Tests were, therefore, made 
on specimens from a rail known to have been made under “‘standard”’ 
conditions. (Heat No. 11.) 

The results of these tests are given in Figure 6. Secondary brittle- 
ness was evident in this material, but to an appreciably less marked 
degree. Itis also noteworthy that the temperature range of secondary 
brittleness of this heat extends from approximately 400° to 600° C. 
with a minimum value of ductility at approximately 500° C. In 
heat No. 3 the range of marked secondary brittleness was from 
approximately 500° to 725° C., with a minimum ductility occurring 
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FigurE 6.—Results of tensile tests of specimens from head of B rai! of heat 11 



































at approximately 650° C., which is appreciably higher than indicated 
by heat No. 11. 

Tensile tests were then made on steel from another ‘‘standard”’ 
heat rolled by another steel company. The results of the tests of 
specimens from both the O and M position of a B rail from this 
heat, No. 21, are given in Figure 7. Secondary brittleness is indi- 
cated in this heat, but to a relatively very minor extent. The elonga- 
tion values show only a very slight drop in the secondary brittle 
range, and the reduction of area values while indicating a definite 
decrease are at all temperatures within the range appreciably higher 
than the corresponding values found for the other heats. 

The close agreement of the values shown by the two sets of speci- 
mens taken, respectively, from the O and M position further confirm 
the previous indications that secondary brittleness is a property 
inherent to the steel. 


98046°—30——7 
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IV. DISCUSSION OF PRELIMINARY RESULTS 


The three steels tested were from three distinct heats of rail steel 
made at different times and under different conditions. Heat No. 3 
was a special experimental heat which was killed with aluminum and 
poured in big-end-up ingot molds with hot tops. Heat No. 11 was 
made under standard conditions at the same plant and met the same 
specification requirements of the Canadian Pacific Railroad. Heat 
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Fiaure 7.—Results of tensile tests of specimens from the O and M positions 
of a B rail from heat 21 


No. 21 was also made under standard conditions, but at the Carnegie 
Steel Co., and met the specification requirements of the Baltimore « 
Ohio Railroad. The specifications of both of the above railroads are 
essentially the same as those adopted by the American Railway Engi- 
neering Association. 

Comparison of the chemical compositions (Table 1) shows that the 
steels were essentially the same chemically, and all are within speci- 
fication requirements. Spectroscopic analyses indicated that traces 
of nickel and chromium were also present, but in equal amounts in all 
three heats. Arsenic was determined chemically and found to be 
0.01 per cent in all three steels. 
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It is evident, however, that there is a marked difference in the 
tensile properties of the three heats at elevated temperatures, the 
F cause of which was not apparent. 

The use of aluminum to kill the steel in heat No. 3 was apparently 
not responsible for the marked secondary low ductility because no 
aluminum was used in heat No. 11, which showed a similar, although 
less marked, secondary brittle range. It is not known whether alu- 
minum was added to heat No. 21. 

In order to determine whether the low ductility noted at elevated 
' temperatures was peculiar to rail steels, tests were made on bar stock 
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Fiaure 8.—Results of tensile tests of bar stock of approximately rail steel 
composition (heat 9A) and a 0.98 per cent C steel (heat 12A) 


of an approximately similar composition. The history of this heat, 
No. 9A, is not known. Its composition is given in Table 1. The 
results of tests of specimens from this steel are given in Figure 8. No 
evidence of a secondary brittle range was found. The elongation and 
reduction of area values increased rapidly and continuously with 
increasing temperature above 400° C. 

A search of the literature showed that the tensile properties of 
steels in the temperature range 500° to 700° C had not been studied 
very intensively. A review of the data of other investigators, in the 
light of the present results, brought out the fact that the secondary 
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brittle range had been indicated and briefly referred to, but its possible 
importance had not been either appreciated or emphasized 
Welter ® has reported on tensile properties of carbon steels with 
various manganese contents at temperatures up to 500° C. His 
elongation and reduction of area 
curves indicate in several instances 
a distinct decrease in ductility with 
increase in temperature above 300° 
to 400° C., as is evident in Figure 9u. 
Dupuy°® called attention to a sin. 
ilar inversion in the reduction of 
area curves for a 0.91 per cent car. 
bon steel as is shown in Figure 9b, 
There are indications of similar in- 
versions in his data for the low and 
medium carbon steels tested, but the 
data were not sufficiently consist- 
ent to support definite conclusions. 
In a more recent investigation! 
a very definite secondary brittle 
043 102 Q2 range is indicated in a cast steel. 
Since the present work was started 
A evidence has been given by Inokuty' 
that secondary brittleness may 
Dup ul y present in Armco iron although its 
-09) presence was not indicated in his 
c= 0. tests of low and medium carbon 
steels. This was also indicated in 
tests of Armco iron by Rawdon 
and Berglund. <A very definite 
confirmation of this was found by 
the present writers. The results of 
these tests of Armco iron at elevated 
temperature, found by Inokuty, 
Rawdon and Berglund, and _ the 
present writers, have been plotted 
to the same scale in Figure 10. The 
250 500 750 very close agreement of the results 
TEMPERATURE ‘C obtained on a similar material in 
B three independent investigations 
FiaurE 9.—Resulis of tensile tests of made at different times 1s unusually 
other investigators positive evidence of the existence of 
A, Welter. B, Dupuy. the phenomenon. It is also evident 
from the curves in Figure 10 that 
what has been termed secondary brittleness is distinct from the well- 
known phenomenon of hot- shortness in relatively pure irons which 
occurs at approximately 900° C. This hot-short range is shown in 
Figure 10 in the curves based on Inokuty’s data. 
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5 Welter, G., ‘El astizitét u. Festigheit von Specialstiihlen bei hohen Temperaturen-Forschungsarbeiten 
a.d. Gebeite d. Ingeneiurswesen, 230, p. 1; 1921. 

6 See footnote 2, p. 550. 

? Pioneering in Science, Crane Co. Circular No. 163, An Investigation in the Effect of High Temperature 
on Metals, p. 26. . d 

8 Inokuty, T., Tensile Strength of Steels at High Temperatures, Sci. Repts. of Tohoku Imperial Univ.; 
July, 1928. 

9 Raw don, H. S., and een, T., Unusual Features in the Microstrutture of Ferrite, B. S. Sci. Paper 
No. 571. p. 698, Figure 3(6). 
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The data obtained on rail steels, bar stock of rail steel composition, 
Armco iron, and the similar results reported by other investigators 
all indicate that secondary brittleness may be present in many steels 
under certain as yet unknown conditions. The desirability of a more 
extended study of the phenomenon was thus emphasized especially in 
view of its possible relation to the presence of internal cracks—shatter 
cracks—in rail and other steels as discussed fully later in this report. 


y. TENSILE PROPERTIES OF SEVERAL RAIL STEELS AT 
ELEVATED TEMPERATURES 


1. TRANSVERSE FISSURED RAILS 


For the studies of endurance a, ga previously referred to two 
transverse fissured rails,’° and a rail which had been subjected to the 
same identical service in track as one of them, had been obtained. 
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Figure 10.—Results of tensile tests at elevated tempera- 
tures of Armco iron by Inokuty, Rawdon and Berglund, 
Freeman and Quick 


One of these rails (PO) failed in track on the Pennsylvania Railroad 
after only about five months’ service, and it had been found at their 
laboratories"! and also at the Bureau of Standards to contain numerous 
shatter cracks and incipient fissures. The rail (CN1) which failed in 
track on the Canadian National Railway after over eight years’ service 
was also shown to have contained shatter cracks and incipient fissures. 
In the companion rail (CN2), which had been subjected to identical 
service and had not failed, no shatter cracks were found. 

Tensile tests were made on specimens taken from the O position in 
the heads of these rails. The results for rail PO are given in Figure 
11, and for rails CN1 and CN2 in Figure 12. It is evident that 
secondary brittleness is present in all cases. It is particularly 
marked in rail PO (fig. 11) which showed marked internal shattering. 





10 These are rails PO from the Pennsylvania R. R. and CN1 and CN2 from the Canadian National Ry. 
See footnote 4, p. 551. ; 
| Cushing, W. C., Rail and Wheel, Proc. Am. Rwy. Eng. Assoc., 30, No. 315, Pt. 1; 1929. See particu- 


larly p. 268. 
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The elongation of about 9 per cent shown by this steel at the minimum 
of the secondary brittle range which occurs at about 550° C. js 
practically the same as at normal temperatures. Similarly, the 
reduction of area of about 14 per cent at this temperature is practically 
the same as exists at normal temperatures. The tensile strength, 
however, is only about 47 per cent of the value obtained at normal 
temperature. 

The degree of secondary brittleness in rails CN1 and CN2 (fig. 12) 
is not so marked as in rail PO, although appreciable. There is a slight 
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Fiaure 11.—Results of tensile tests at elevated temperatures of specimens 
from the O position of transversed fissured rail (PO) from Pennsylvania 
Railroad 





difference in the tensile properties of the two steels, the steel from the 
fissured rail having an appreciably lower elongation and reduction of 
area and slightly higher tensile strength at all temperatures. 


2. HEAT-TREATED RAILS 


At the request of the Joint Rail Manufacturers Technical Com- 
mittee and the Rail Committee of the American Railway Engineer- 
ing Association endurance tests have been made ” of special heat- 
treated rails. These rails were made and heat treated in accordance 


12 To be reported in B. S. Jour. Research and Bull. A. R. E. A. 
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with the Kenney process.’ The rails from one heat (H1) were 
quenched in water for 30 seconds. The rails from the other heat 
(H2) were quenched for 15 seconds. In each case immediately after 
quenching the rails were transferred to a furnace preheated to 950° F. 
and were held at this temperature for one and one-half hours and 
were then allowed to cool in air. Tensile tests were made on speci- 
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FiGuRE 12.—Results of tensile tests at elevated temperatures of specimens 
from a transverse fissured rail (CN1) and an adjoining rail in track which 
had not failed under the same service conditions on the Canadian National 
Railway 


mens from the “O” position of the heads of a ‘‘C”’ rail representa- 
tive of each of the two conditions of heat treatments. The results 
are given in Figure 13. It is evident that there is a marked difference 
in the tensile properties of the two steels at all temperatures of test. 
[t has been shown previously that different heats of rail steel may 
have marked difference in secondary brittleness. Since these two 
series were from different heats it is therefore impossible to state 





3 E. F. Kenney, Heat Treatment of Steel, U. S. Patent No. 1619025, and Heat Treatment of Railway Rails. 
Reissue No, 17240, 
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oe] 
what influence the difference in heat treatment may have had on the 
secondary brittleness. It is of interest, however, to find that such a 
marked difference may exist, especially in reduction of area. 
Similar tests were also made on a ‘“‘C”’ rail from another heat 
(H3) made by the same company which was made in the usual 
manner. The results of these tests are also given in Figure 14. 


3. MEDIUM MANGANESE RAIL STEEL 


The so-called medium manganese rail steels containing from 1.2 
to 1.70 per cent manganese are being used in increasing amounts, 
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Figure 13.—Results of tensile tests at elevated temperature of heat-treated 
rail steels 
HI1C, rail quenched 30 seconds in water. 


H2C, rail quenched 15 seconds in water. : 
Both rails after quenching held 134 hours in furnace at 950° F., then air cooled. 





Tensile tests have been made at elevated temperatures using speci- 
mens from the ‘“‘O” position of two D rails containing about 1.5 
Mn (M1D) and 1.20 (M2D), respectively, the compositions of 
which are given in Table 1. The results of the tensile tests are given 
in Figure 15. There is relatively very slight difference in the tensile 
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properties of these two steels at the various temperatures of test. 
Secondary brittleness is very marked in both instances. The elonga- 
tion and reduction of area values at the minimum of the secondary 
brittle range, which occurs at about 550° C., are appreciably lower 
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FicurEe 14.—Results of tensile tests at elevated temperature. Heat H3, C rail 


than at normal (20° C.) temperatures. The tensile strength at 
500° C. is about 50 per cént of the value at normal temperatures. 


4. MANGANESE MOLYBDENUM RAIL 


At the request of G. N. Eaton, of the Molybdenum Corporation of 
America, tensile tests were made at elevated temperatures of a special 
manganese-molybdenum rail steel, the composition of which is given 
in Table 1. The results of this series of tests are given in Figure 16. 
The test specimens were taken from the “‘O” position as in the other 
series. Secondary brittleness is also present in this material, a mini- 
mum elongation and reduction of area occurring at approximately 
600°C. Itis of interest to note the relatively high values of ductility, 
especially of reduction of area indicated by this material at normal 
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“4 


(20° C.) temperatures. The total number of tests made, one at each 
temperature, are rather few, so that definite conclusions can not be 
drawn, and the data, therefore, must be considered as tentative only, 


5. RAIL STEEL POURED AT HIGH TEMPERATURES 


In a previous investigation,'* data are given on the properties of a 
rail steel known to have been excessively hot when poured. A sec- 
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Ficure 15.—Results of tensile tests at elevated temperature of medium man- 
ganese rail steels 
M1D, 1.5 per cent Mn; M2D, 1.2 per cent Mn. 





tion of the B rail, the properties of which had been previously de- 
termined, was available and afforded the opportunity of determining 
at least qualitatively whether pouring temperature had any marked 
influence on secondary brittleness. Results of elevated temperature 
tests on specimens from the ‘‘O”’ position of this rail are given in 
Figure 17. Apparently a high pouring temperature has by itself 
no marked influence on the degree of secondary brittleness in a rail 
steel. 





i See footnote 4, p. 551. 





| Tensile Properties at Elevated Temperatures 565 


6. STEEL FROM A RAIL FROM A REHEATED BLOOM 


In a report of studies by the Pennsylvania Railroad,” data are 
given on the relative service of direct-rolled rails and rails from blooms 
taken from the same heats and which had been allowed to become cold 
and were then reheated for rolling into rail. The service data on these 
rails taken over a period of several years showed that rails from re- 
heated blooms gave better service. Transverse fissure failures were 
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Fiaure 16.—Results of tensile tests at elevated temperature of a manganese- 
molybdenum rail steel, heat H1 


less in these rails than in direct-rolled rail. At the suggestion of Dr. 
M. E. McDonnell, chief chemist of the Pennsylvania Railroad, tensile 
tests were made at elevated temperatures on specimens from two rails 
from the same heat, for the purpose of determining whether reheating 
of the bloom had caused any appreciable differences in the degree of 
secondary brittleness. One of these rails (PH1) was known to be from 
a reheated bloom and the other (PH2) from a direct-rolled bloom. 
The results of these tests are given in Figure 18. It should be noted 


1’ Report of Committee on Rail, Proc. A. R. E. A., 28, p. 915; 1927, See particularly Appendix B, p. 933. 
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that both rails were from the same heat, the only known difference 
being the reheating of the bloom of rail PH1. Secondary brittleness 
is present in a relatively moderate degree in both instances. In 
previous work reported in this paper, it was indicated that secondary 
brittleness was apparently a property of the heat. Since these two 
rails were from the same heat it is a reasonable assumption that the 
difference in secondary brittleness is a result of the reheating of the 
bloom. Whether it is directly the result of reheating the bloom or 
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Figure 17.—Results of tensile tests at elevated temperature of a rail steel 
poured at a high temperature 


indirectly the result of some other slight but unknown change in proc- 
ess, such as finishing temperature, or rate of cooling can not be stated. 
This is particularly noteworthy because, as shown later in this report, 
annealing even below the critical range has an appreciable influence 
on secondary brittleness. It so happens that none of the rails from 
this heat either from direct-rolled or reheated blooms, developed 
transverse fissures in track. Therefore, no conclusions can be drawn 
regarding any possible relation of secondary brittleness to the relative 
freedom from transverse fissues of rail from reheated blooms. 
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vl. TENSILE PROPERTIES AT ELEVATED TEMPERATURES 
OF SOME STEELS OTHER THAN RAIL STEELS 
1. CHROME-MOLYBDENUM TIRE STEEL 


In discussing secondary brittleness in rail steels and its possible 
relation to internal failures, as brought out more fully later in this 
report, it was pointed out by G. M. Eaton that certain heats of 
chrome-molybdenum locomotive tire steels were known at times, 
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FigurE 18.—Results of tensile tests at elevated temperature of rail steel from 
“‘direct’’ rolled and ‘‘reheated”’ blooms 


PH1, reheated bloom. 
PH2, direct rolled bloom. 


although infrequently, to develop cracks if allowed to cool in air from 
the forging temperature, but if caused to cool slowly by burying under 
mill scale after forging no such difficulty was encountered. Through 
the courtesy of Lawford H. Fry, metallurgical engineer, Standard 
Steel Works, two series of test specimens were obtained. Both 
series were from the same heat of steel. One series (ST1), however, 
was taken from a tire which was cooled in air after rolling and devel- 
oped cracks. The other series (ST2) was taken from a similar tire 
which had been cooled slowly by burying in mill scale after rolling. 
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The results of the tests are given in Figure 19. Secondary brittle- 
ness was present in each case, but there is a very marked difference 
in degree. The effect of the slower cooling evidently has been to 
decrease the magnitude of secondary brittleness. With the higher 
elongation and reduction of area available the steel would seem to be 
in a better condition to flow and so relieve any destructive thermal 
stresses that might be set up during cooling. Of course, the slower 
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Ficure 19.—Results of tensile tests at elevated temperatures of a chrome- 
molybdenum tire steel 


ST1, tire cooled from forging temperature in air ) 
ST2, tire cooled slowly from forging temperature by burying in mill scale. 


cooling would in itself greatly reduce the tendency of thermal stresses 
to develop and their magnitude as compared to the more rapid air 
cooling. The effect of the slow cooling then would seem to be a dual 
one; the magnitude of the stresses is reduced and at the same time 
the steel is apparently put into a condition less liable to failure should 
high stresses be developed. Sufficient data are not available to 
determine the relative importance of the two factors. 
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Figure 20.—Type of casting used for cast-steel test bars 


All specimens were taken from the bottom as indicated. 
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2. ONE PER CENT CARBON STEEL 


It is known that free cementite is sometimes found in rail steels. 
[t will be noted in Table 1 that the manganese content in the rail 
steels is relatively high for steels of similar carbon content. It is 
known. that manganese tends to shift the eutectoid ratio of carbon 
steels in the direction of lower carbon content. It is conceivable, 
with the manganese-carbon ratio present in these rail steels, that 
under certain conditions of segregation and rate of cooling free 
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Fiaure 21.—Results of tensile tests at elevated temperatures of a 0.30 per 
cent carbon cast sieel, heat DS 


cementite might be present in the rail steels tested. It was thought 
that the secondary brittleness might be associated with its presence. 

Tests were, therefore, made on a high-carbon steel (0.98 per cent C) 
in which free cementite was known to be present. The history of the 
bar from which the specimens were taken was unknown except that 
before cutting off the specimens the bar was annealed so as to produce 
free cementite at the grain boundaries. 

The results of the tensile tests are included in Figure 8. Secondary 
brittleness is present in the high-carbon hy pereutectoid steel (0.98 C) 
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to an appreciable extent. Whether the secondary brittleness is 
related to the presence of the free cementite, however, can not be 
stated, since it was found, as is shown later in the investigation, in 
Armco iron and steels in which free cementite is not ordinarily 
present, at least in appreciable amounts. The fact that secondary 
brittleness was found in the annealed hypereutectoid steel is of inter- 
est and is the more significant when it is realized that the steel was in 
a fully annealed condition for, as is shown later, it is known that full 
annealing tends to reduce markedly the degree of secondary brittle- 
ness. It may be inferred then that under some as yet unknown con- 
dition secondary brittleness may be quite marked in hypereutectoid 
carbon steels. 


3. CAST STEEL (0.30 PER CENT CARBON) 


an some earlier work ' secondary brittleness was indicated, although 
not commented upon, in the ductility curves of a 0.30 per cent carbon 
cast steel. A set of test bars was obtained of a 0.30 carbon cast steel. 
This heat (DS) was made in an acid electric furnace under commercial 
conditions. A quantity sufficient for the number of test-bar castings 
desired was poured from the bull ladle into a smaller ladle where it 
was recarburized with preheated washed metal. It was then poured 
into dry (core) sand molds. The test-bar castings were of the type 
shown in Figure 20. The test specimens were all taken from the 
bottom portion of the casting, as indicated in the figure. The results 
are given in Figure 21. Secondary brittleness is indicated to a rela- 
tively moderate degree. One specimen tested in the secondary brittle 
range showed very low ductility, the cause of which could not be 
definitely determined as being associated with cracks or blowholes or 
similar defects. The values obtained are, therefore, indicated in the 
diagram; a second specimen from a different casting did not confirm 
the results. 


VII. EFFECT OF RATE OF APPLICATION OF STRESS ON 
SECONDARY BRITTLENESS 


It is a well-known fact that the values determined in tensile testing 
may vary appreciably with the rate of application of stress. In tests 
at elevated temperatures this effect is in general more pronounced. 
A rate of application of stress of about 0.28 inch a minute was 
used in all tests reported in this work. To determine the effect of rate 
of application of stress a series of tests were made on specimens from 
the O position of medium manganese steel rail (M2D) using a rate 
of application of 2.08 inches a minute. Tests were made only in the 
secondary brittle range. The results are given in Figure 22. It is 
evident that at the higher rate of application of stress the elongation 
and reduction of area are slightly greater. Due to the rapid rate 
used it was not possible to keep the beam of the testing machine 
correctly balanced. Data for tensile strength values at the higher 
speed were, therefore, not determined. 

The data show very definitely that secondary brittleness is not 
related, at least in any marked degree, to the speed of testing. 





16 See footnote 7, p. 558. 
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VII. EFFECT OF ANNEALING ON SECONDARY BRITTLENESS 


A series of preliminary tests was carried out to determine the effect 
of annealing on the secondary brittleness. A section of the B rail 
of heat No. 21 on which previous tests were made (fig. 7) was annealed 
by heating at 1,000° C. for six hours and cooling slowly in the furnace. 
Tensile tests were then made on specimens from the O position. The 
results have been plotted in Figure 7 for ease of comparison with the 
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FicurE 22.—Effect of annealing at 700° C. and of rate of application of stress 
n secondary brittleness in a medium manganese rail steel 


similar series of tests from the rail ‘‘as rolled.” It is evident that 
the annealing has markedly increased the ductility in the secondary 
brittle range, particularly the reduction of area. 

A series of specimens from the O position of the B rail from heat 
No. 3 (fig. 3) was annealed by heating at 800° C. for one-half hour 
and cooling slowly in the furnace. The results of tests of this series 
are included in Figure 3. The elongation and particularly the reduc- 
tion of area have been improved as a result of the annealing. 
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It is evident from the above two series of tests made on steel from 
two distinctly different heats of rail steel, one of which (No. 21) 
was made according to ‘“‘standard”’ practice and the other a special 
“killed”? heat poured in hot-top ingots, that annealing the steel 
above the A, transformations tends to eliminate secondary brittleness, 

The effect of annealing a rail steel at a temperature above the 
secondary brittle range but below the A, transformation was then 
studied. A group of specimens from the O position of rail M2D was 
annealed by heating at 700° C. for two hours and cooling slowly. 
The results are given in Figure 22. 

The rather surprising result is evident that heating the steel below 
the A, transformation has caused a marked decrease in the degree of 
secondary brittleness. As a confirmation of this a similar series 
of tests was made on specimens from the O position of the transverse 
fissured rail PO (fig. 11), which had been annealed by heating to 
700° C. for two hours and cooling slowly. The results have been 
included in Figure 11. 

It is evident that in this case also annealing at a temperature 
slightly below the A, transformation has appreciably decreased the 
degree of secondary brittleness. 


IX. NATURE OF FRACTURE AT ELEVATED TEMPERATURES 


A photograph of a series of test bars after test at the temperatures 
indicated is shown in Figure 4. The brittle nature of the fracture 
in the secondary brittle range is quite evident. The nature of the 
fracture at the several temperatures of test, whether intercrystalline 
or transcrystalline, was studied by microscopic means. Longi- 
tudinal sections were cut through the fractures parallel to the length 
of the specimens, polished and etched in the usual manner. It was 
not possible to study satisfactorily the face of the fracture in most 
cases because of oxidation of the fractured face during the cooling 
down from the temperature of test. Certain characteristic features, 
however, were observed in the structure just back of the fracture of 
specimens broken in the secondary brittle range. 

In the preliminary series of tests from heats Nos. 3 and 11, a dis- 
tinct ‘‘intercrystalline shattering” of the metal appeared to have 
occurred, as illustrated by the micrographs in Figure 23, failure 
occurring to a marked degree in the ferrite network or between the 
ferrite and pearlite at the boundary of the pearlite grains. 

Figure 24 shows a longitudinal section of a specimen from heat 
No. 3, after testing at 650° C., deep etched in hot concentrated HCl. 
The general ‘“‘shattered”’ appearance of the steel just back from the 
fracture is evident. A few cracks were present near the fracture of 
specimens tested at all temperatures, but they were decidedly more 
numerous and extended further back from the fracture in those 
specimens broken in their respective ranges of secondary brittleness. 

The same characteristic results were obtained in similar studies 
made of all the series of test specimens. It may be stated that frac- 
ture in the secondary brittle range is, in genera], characterized by a 
marked intercrystalline “shattering” not observed in tests at other 
temperatures. In heats in which secondary brittleness is not marked, 
such as heat No. 21 (fig. 7), intercrystalline failure was noted but to a 
much less marked extent, 
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Figure 24. Longitudinal section at fracture of te nsile specimen from heat 3, 
tested at 650° C., deeply etched in hot concentrated HCl. X 6 
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Figure 25. Intercrystalline failure in lensile specimen from 


transverse fissured rail PO tested at 530° C. XX S5v0 





B. S. Journal of Research, RP164 




















Figure 26.—Intercrystalline failure in O.98 per cent carbon steel tensile 
specumen (heat 12A), tested at 500° C.  X 500 
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—Intercrystalline failure in tensile specimen of Armco iron tested 
at 750° C. X 800 
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Characteristic micrographs illustrative of the failure in the second- 
ary brittle range of several of the steels tested are given in Figures 25 
to 27. Figure 25 shows intercrystalline failure in the secondary 
brittle range of a specimen from a transverse fissured rail (heat PO, 
fig. 11). In this and other fissured rails  intercrystalline failure had 
been noted in a specimen tested at normal temperatures. There is 
therefore some question whether the intercrystalline cracks shown in 
Figure 25 formed during test or previously during the cooling of the 
ral. There is no doubt, however, that such failure must have 
occurred while the metal was hot and it is a fact that intercrystalline 
failure was more marked in specimens from this rail broken in the 
secondary brittle range than in those tested at lower temperatures. 

Figures 26 and 27 show characteristic intercrystalline cracks in 
specimens of a 0.98 per cent carbon steel and Armco iron, respectively, 
tested in their secondary brittle range. 

The fact that intercrystalline failure is observed in the secondary 
brittle range of such widely diverse materials as Armco iron, rail 
steels and a1 per cent carbon steel as well as some alloy steels indicates 
very definitely that secondary brittleness is not related to compo- 
sition, but must be related to some grain boundary phenomenon 
common to all of the steels. 


X. TEMPERATURE DISTRIBUTION IN A SECTION OF 130- 
POUND RAIL UNDER DIFFERENT COOLING CONDITIONS * 


1. TEST METHODS USED 


A rail is an unsymmetrical section. The ratio of the surface area 
of the base and the web to their respective volumes is appreciably 
greater than the ratio of surface area of the head to its volume. It 
follows that under similar cooling conditions the base and web of a 
rail would cool appreciably faster than the head. Relatively little 
is known regarding the magnitude of the temperature gradients that 
exist in a rail during cooling. Burgess and associates '° reported the 
results of a few determinations made on the center and inner surface 
of the head of a 100-pound rail cooling in air. The center of the head 
was found to remain about 40° to 30° C. hotter than the inner surface 
until the critical range was approached when the rail took on a more 
nearly uniform temperature throughout. 

A knowledge of these gradients is of importance. They become 
increasingly important in view of the experiments now being carried 
on by some of the rail manufacturers and railroads, both in the 
United States and in Europe, on quenched and tempered rails. 

In some recent work carried out at the Bureau of Standards,” 
studies have been made of the surface and center cooling velocities 
of steel spheres and cylinders. Special apparatus was developed for 
these studies and is described in the first publication cited in the 





17 Freeman, John R., jr., and Solakian, H. N., Effect of Service on Endurance Properties of Rail Steel. 
B. S. Jour. Research; August, 1929. 

18 The authors are indebted to T. E. Hamill, Bureau of Standards, for his valuable cooperation in these 
studies. 

19 Burgess, G. K., Crowe, J. J., Rawdon, H. S., and Waltenberg, R. G., Observations on Finishing 
Temperatures and Properties of Rails, B. S. Tech. Paper No. 38. 

* French, H.J., and Klopsch, O. Z., Quenching Diagrams for Carbon Steels in Relation to Some Quench- 
ing Media for Heat Treatment, Trans. Am. Soc. Steel Treat., 6, p. 251; 1924. French, H.J., Cook, G.S., 
and Hamill, T. E., Surface Cooling of Steels in Quenching, Trans. Am. Soc. Steel Treat., 15, p. 217; 
February, 1929, 
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reference. The principal feature of this equipment is the use of an 
Einthoven string galvanometer for following the extremely rapid 
temperature changes of a steel surface during quenching. It is 
capable of recording rates of temperature change of the order of 
several thousand degrees a second. This same equipment has been 
used for determining the temperature gradients that exist in a rail 


A THERMOCOUPLE AT CENTER 
OF HEAD 

B THERMOCOUPLE 4"UNDER 
SURFACE OF HEAD 

C THERMOCOUPLE ON SURFACE 
OF HEAD 

D THERMOCOUPLE ON EDGE 
OF BASE 









































Figure 28.—Location of thermocouples in rail section for determining tem- 
perature gradient during cooling 


under the conditions of air cooling and quenching that are reported 
here. 

The arrangement of the thermocouples on the rail section being 
investigated is shown in Figure 28. A photograph of the section 
with thermocouples and accessory equipment for handling is shown 
in Figure 29. The thermocouples were welded to the rail at the point 
of contact. In the work referred to on cylinders this had been found 
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Figure 29.—Photograph of rail section 


showing thermocouples attached and fix- 
tures for handling during quenching 
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to be the most reliable method. A section of rail 12 inches long was 
ysed in all cases. Based on the earlier work on cylinders, it is be- 
lieved that any error from end effects is negligible on a section of 
this length when the couples are placed at the mid section. 

All tests were made on sections taken from a C rail of heat H30. 
(Table 1.) In some cases, as discussed later, it was necessary to use 
several sections, due to breakage or cracking of the section in the 
quenching. 

Five conditions of cooling were studied, namely, in still air, in 
moving air, quenching in cold water, interrupted quenching in cold 
water, and quenching in boiling water In all cases it was found 
possible to follow the center temperature during cooling with a portable 
potentiometer and to measure the time intervals with stop watches. 








RUN NO. I. 
N COOLING IN STILL AIR 
© CENTER OF HEAD 
x SURFACE OF HEAD 
a EDGE OF BASE 
NG 




















wW 
a 
< 
a 
. 
- 
z 
w 
1o) 
“ 
w 
w 
a 
oO 
ud 
| 
w 
« 
> 
- 
w 
a 
2 
ad 
ro 





Pes ge | 


} | 
re) | 2000 2500 3000 3309, 4000 4500 
30 MIN. +1 ME——SECONDS 1 HOUR 












































500 1000 150 


Figure 30.—Temperature-time curves for rail section (130-pound) cooling 
in still air, run No. 1 


This made it possible to follow the center cooling simultaneously with 
the more rapid surface cooling for which the Einthoven string gal- 
vanometer was used. 


2. RESULTS OF TESTS 
(a) COOLING IN STILL AIR 


The rail section with thermocouples attached was heated to about 
900° C. and held at temperature until uniformly heated throughout. 
The section was then removed from the furnace and suspended verti- 
cally in air about 6 inches above the floor. All windows and doors to 
the room were kept closed during the entire period of the cooling of the 
section. The temperature-time measurements were started imme- 
diately after the section was removed from the furnace. 
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The temperature of the center of the head, the side of the head, and 
edge of the base were all recorded. The Einthoven string galvanom- 
eter was used to follow the temperature change on the edge of the 
base. Independent portable potentiometers and stop watches were 
used to follow the center and surface cooling of the head. The work 
of six operators and assistants was required to read and record the 
data. It was necessary to record the temperature-time changes at 
the three points independently of each other. The three tempera- 
ture-time curves, however, may be plotted on the same chart. Since 
all three curves start from the same origin of equal temperature and 
zero time, a direct comparison of the temperatures existing at any of 
the three points after any given period of time may be made. The 
results are given in Figure 30. 

It is evident that at the start the edge of the base and side of the 
head cool much more rapidly than the center of the head. With 
increasing time, the temperature difference between the edge of the 
base and the two points in the head increases until the edge of the base 
enters the Ar; transformation range which causes an appreciable 
decrease in its rate of cooling. As soon, however, as the head enters 
the transformation range the temperature difference between the 
edge of base and both surface and center of head increases very 
rapidly due to the fact that the rapid rate of cooling of the edge of the 
base suppresses to a large extent the recalescence incident to the Ar 
transformations. The temperature difference between the surface 
and center of the head is not so marked as the difference between 
center of head and edge of the base. Following the initial rapid drop 
in temperature of the surface of the head to approximately 820° C., 
the rates of cooling of center and surface are approximately the same 
until the surface enters the transformation range at about 645° C., 
when, due to the temperature of the surface increasing while the cen- 
ter is continuing to cool, the surface temperature approaches the center 
temperature. As soon, however, as the center enters the transforma- 
tion range its temperature increases. The surface, however, has now 
passed through its recalescence and is again decreasing in temperature. 
A resultant temporary increase in temperature difference between 
center and surface, therefore, occurs. After the center has passed 
through its recalescence, this temperature difference gradually de- 
creases With a simultaneous decreasing rate of temperature change as 
the rail section approaches normal temperatures. 

The maximum difference in temperature between center and 
surface of head occurs when the surface is at about 830° C. and the 
center at about 895° C., almost immediately after removal of the rail 
from the furnace and probably at the instant a decrease in temperature 
first occurred in the center. 

The maximum difference in temperature between the edge of the 
base and the surface of the head apparently occurrea shortly after the 
latter had passed through the trans*ormation range. At this instant, 
the temperature of the edge of the¥base was about 470° C. and the 
surface of the head about 610° C., a temperature difference of about 
140° C. At the same instant the temperature of the center of the 
head was about 660° C., about 50° C. higher than the surface. The 
center had also just emerged from the transformation range. : 

The fact that a large temperature difference may exist in a rail 
during cooling when at the above temperatures appears of significance 
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when it is noted that the secondary brittle range in rail steels has been 
found to occur in the same temperature range. As discussed more 
fully later in this report the large temperature gradients existing may 
set up internal tensile stress which may cause internal failure in the 


secondary brittle range. 
(b) COOLING IN MOVING AIR 


A similar series of curves was obtained on the same rail section 
when cooling in moving air. In this case a current of air from an 
electric fan having four 8-inch blades was directed on the head of the 
rail during cooling. The fan was 5 feet from the head of the rail. 
The results obtained are given in Figure 31. 
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FiaurE 31.—Temperature-time curves for rail section (130-pound) cooling 
in moving air, run No. 2 


It is evident that the general relation of the cooling velocities of 
the three points to each other is approximately the same as in still 
air. The total time of cooling, however, is considerably less in 
moving air. In still air the total time required for the center of the 
head to cool from 900° to 200° C. was 3,500 seconds while in moving 
air the total time required from 910° C. was only 1,900 seconds, or 
only about 54 per cent as long. The relative cooling times of the 
surface of the head and edge of base were in proportion. 

In still air the center cooled from 900° C. to the temperature of 
the Ar; transformation at 680° C. in 350 seconds while in the moving 
air it cooled from the slightly higher temperature of 910° C. to the 
transformation temperature in 300 seconds. 

There was a marked difference in the time required to cool through 
the transformation range at the respective positions in the rail in 
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still air as compared to the conditions of moving air. In still air the 
temperature of the center remained above the temperature at which 
recalescence started (680° C.) for 250 seconds while in moving air 
the corresponding time was only 160 seconds. The temperature 
rise, however, during recalescence was about the same (10° C.) in 
each instance. 

The maximum temperature difference between surface and center 
of the head when cooling in moving air was practically the same 
(65° C.) as in still air and also occurred shortly after cooling first 
started in the center. Also the difference decreased but slightly 
until the surface entered the transformation range. 

Similarly the maximum difference in temperature between edge 
of base and surface of head occurred while cooling in moving air 
shortly after the surface of the head emerged from the transformation 
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Figure 32.—Temperature-time curves of center of rail section (130-pound) 
quenched in water, runs Nos. 3 and 4 


range which was found under the condition of cooling in still air. 
The temperature difference was practically the same in each instance, 
being 140° C. for still air and 135° C. for moving air. 

It is evident that the principal effect of the air stream from the 
fan blowing over the head of the rail section was to cause a more rapid 
cooling. The temperature distribution in the section, however, was 
practically the same. Any stress developed as a result of tempera- 
ture gradients would, therefore, probably be about the same for both 
conditions of cooling. 


(c) QUENCHING IN COLD WATER 


The same section was used for this test as was used in the previous 
two series. It was thought that the center cooling velocity of the 
head would be too great to follow with the potentiometer and stop 
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Figure 33.—Rail section afler quenching in water 
showing fracture 
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watches. Therefore, in the first run of this series (No. 3) the center 
cooling velocity was determined using the Einthoven string galva- 
nometer. The section was heated to a uniform temperature of about 
g20° C. It was then quenched in tap water at 25° C. During 
quenching the section was moved up and down in the water. 

The temperature-time curve is given in Figure 32 (run No. 3). 

A similar quench was made on this same section in which the 
center cooling was followed by a portable potentiometer and stop 
watches. The results have been included in Figure 32 (run No. 4) 
for comparison with the previous run. The initial temperature of 
the section, 840° C., previous to quenching was about 20° C. higher 
than in the previous run. The temperature of the water before 
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Figure 34.—Temperature-time curves of surface, center, and intermediate 
position in head of rail during quenching in cold water, runs Nos. 6,7, 8, and 9 


quenching was 28.5° C. and after quenching had risen in the upper 
portion o of the da tank to about 43° C. 

The agreement of the two cooling curves is very good. The 
greater sensitivity of the autographic string galvanometer in indi- 
cating the temperature changes is evident, particularly in showing 
the heat, effect while passing through the transformation range. 

The rail section was removed from the water when the center of 
the head was slightly less than 100° C. A large crack had formed, 
during the quenching, at the lower end of the web and a small one 
was apparent on the edge of the base. While examining the rail 
several minutes after removing from the quenching water a piece of 
the base broke off with appreciable force indicating the presence 
in the rail after quenching of residual internal stresses of appreciable 
ee ag Figure 33 shows the crack in the web and the fracture 

piece that broke off of the base. The dark area in the fracture 
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indicates the depth of crack in the base that probably formed during 
quenching and acted as the nucleus for the failure that occurred 
after quenching. A temperature-time curve of the surface of the 
head was not obtained in this run due to breaking of the couple. 

For further tests a similar section was prepared from an adjacent 
section of the same rail. Temperature-time curves for the center 
and surface of the head of this section during quenching are given 
in Figure 34 (run No. 6). The section was quenched at 850° C, 
into water at 25° C. The extremely rapid cooling of the surface is 
apparent. The total time of cooling from the quenching tempera- 
ture of 850° to 300° C. was 0.6 second as compared to 66 seconds 
required for the center to cool to the same temperature. 

A duplicate run, No. 8, w&s made, and results are included in 
Figure 34. The agreement is very good. 

It was thought that the surface temperature of the head of the 
rail section, especially during the rapid cooling incident to quench- 
ing, might not be a reliable indication of the temperature a short 
distance beneath the surface and that the temperature in the under- 
lying metal would more nearly approach the center temperature. 
Cooling curves were, therefore, taken simultaneously during quench- 
ing of this section, at a point approximately one-quarter inch in from 
the surface of the head of the rail. The method of locating the junc- 
tion of the thermocouple in the desired position was similar to that 
used for determining the center cooling as indicated in Figure 28. 
Two independent runs (Nos. 7 and 9) were made. The results are 
included in Figure 34. 

The curves were all obtained on the same rail section. The quench- 
ing temperature was approximately the same (830° to 840° C.) in 
each instance. The temperature of the quenching water at instant of 
quenching was between 25° and 28° C. in each instance. After 
quenching it was between 32° and 35° C. in the upper portion of the 
tank. The center cooling was followed in each of the four inde- 
pendent quenches. The curve is therefore the average of the four 
runs. 

It is evident from the curves that the surface cooling is very much 
more rapid throughout the entire cooling range from the quenching 
temperature of approximately 835° to 250° C., the total time of 
cooling being about 0.8 second as compared to about 75 seconds 
required for the center and 43 seconds for the intermediate position. 

The cooling rate at the intermediate position more nearly approxi- 
mates the surface than the center cooling rate for temperatures 
above the transformation. The temperature at which the Ar trans- 
formations occur in the intermediate position is not well defined. A 
change in’the rate of cooling becomes manifest however, at approxi- 
mately 620° C. With further decrease in temperature the cooling 
rate decreases rapidly. The center cooling rate is relatively very 
slow during the first few seconds of cooling. Eleven seconds after 
quenching the surface temperature of the head has dropped to 
100° C. while the center has decreased less than 10° C., giving an 
instantaneous temperature difference of over 730° C. At the same 
instant the intermediate position has a temperature of 490°, or more 
than 340° C. below the center temperature. The occurrence of the 
Ar; transformation is relatively well defined in the center cooling 
curve beginning at approximately 680° C, The rate of cooling 
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decreases appreciably during the transformation. Immediately 
following the transformation the center cooling is very rapid relative 
io the intermediate position. 

The approximate temperature distribution that exists in the 
head of the rail after certain definite intervals of time during quench- 
ing is given in Figure 35. This plot is obtained by scaling from the 
curves given in Figure 34 the temperature values at the selected time 
intervals and plotting them as ordinates against distance from 
center of railhead toward surface as abscisse. ‘Three points only 
are available to indicate temperature distribution at any given time 
interval. These points have been connected by straight lines, 
although the temperature probably changes at a gradually increas- 
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FiaurE 35.—Temperature distribution in head of rail section (130-pound) 
during quenching in cold water 


ing rate toward the surface. The plot indicates, however, the very 
sharp temperature gradient that exists, especially during the first 
few seconds of cooling, between the surface of the head and the under- 
lying position only one-quarter inch below the surface as compared 
to the gradient existing between this underlying position and the 
center. It also indicates, as cooling progresses, the rapid increase in 
temperature gradient between the position under the surface and 
center. The magnitude of this gradient throughout the greater part 
of the cooling period is also apparent. 

The cooling rate of the base during quenching was not determined. 
In view of the fact that in air the edge of the base cooled more rapidly 
than the surface of the head it would also undoubtedly cool more 
rapidly during quenching. 
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(d) INTERRUPTED QUENCHING 


Kenney” has described a special quenching procedure said to be 
especially applicable to rails. This process consists essentially jn 
hardening the steel rail by quenching the rail in water to a tempers- 
ture below the critical range and then before it has cooled to a tem- 
perature as low as the blue-heat zone to thoroughly equalize the 
temperature throughout the section after which it may be cooled 
to atmospheric temperature. Kenney states that internal and 
external rupture occurs if the rail is allowed to cool to the blue-heat 
range without equalizing the temperature. That external rupture 
may occur is confirmed by the results obtained in the present work 
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FiagurE 36.—Temperature-time curves for rail section (130-pound) during 
interrupted quenching in waier, run No. 10 


(run No. 4) where it was found that the web and base of a short 
section of rail may break (fig. 33) when quenched in water. It is 
also stated by Kenney that even if a rail is quenched for only 30 
seconds and then allowed to cool in air, internal as well as external 
rupture will occur. 

It was believed of interest to determine the temperature gradients 
in the head of a rail during an interrupted quench. Accordingly, a 
new section of rail was taken from an adjacent position in the same 
rail from which the previous two sections were taken. The. dimen- 
sions of this section and arrangement of thermocouples were the same 
as in the previous runs. 

The section was heated to 905° C. It was then removed from the 
furnace and held in air above the quenching bath until the edge of 





” Kenney, E. F., Heat Treatment of Steel, U. S. Patent No. 1619025; Heat Treatment of Railway Rails, 
Reissue 17240. 
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the base showed magnetism as determined with a small strong hand 
magnet. The section was then quenched in water for 30 seconds. 
It was then withdrawn from the quenching bath and allowed to cool 
in air to normal temperatures. Temperature-time curves of the 
center and surface of the head were determined from the time the 
section was removed from the furnace until several minutes after 
the section was removed from the quenching bath. The results of 
this run, No. 10, are given in Figure 36. 

The three distinct phases of cooling are apparent: Cooling in air 
until edge of base became slightly magnetic, cooling during quenching 
in water, and cooling in air after quenching. For ease of comparison 
a portion of the temperature-time curves obtained on the similar 
section during cooling in still air (run No. 1, fig. 30) have been repro- 
duced on the larger scale of Figure 36. As would be expected, the 
center and surface cooling curves of the two sections are practically 
the same during the initial period of air cooling. Judging from the 
temperature-time curve of the edge of the base obtained in the pre- 
vious run, appreciable magnetism appeared when the temperature 
of the edge of the base was at approximately 645° C. (Judging from 
color the temperature of this surface was considerably less.) The 
temperatures of the center and surface of the section were, at moment 
of quenching, 810° and 740° C., respectively. The extremely rapid 
rate of cooling of the surface of the head during quenching is apparent, 
and is comparable to that obtained in the previous runs. The 
surface temperature cools from 740° to 200° C. in less than one 
second. There is no marked change in the rate until about 120° C. 
is reached. During the remaining period of the quench, about 28 
seconds, the surface temperature cools to a minimum of 82° C. On 
removal from the quenching bath the surface temperature rises very 
rapidly, attaining a maximum temperature of 444° C. in 45 seconds, 
and then again decreases continuously at a relatively slow rate. 

During the 30 seconds that the rail section was in the quenching 
water the center temperature decreased from 810° C. to about 700° C. 
and, it is of interest to note, had apparently not entered the Ar; 
transformation range. During the period that the surface tempera- 
ture was rapidly increasing after removal from the quenching water 
the center temperature continued to decrease rapidly through the 
Ar; transformation range, the central portion of the head giving up 
its heat to the cooler exterior. At about 470° C. a condition of 
equilibrium appears to be established and center and surface cool at 
me the same rate with a temperature difference of approximately 
25° C. 

Equipment was not readily available for equalizing the temperature 
of the section after quenching by transferring back into a furnace 
at approximately 510° C. (950° F.), as recommended by Kenney, and 
thereby having the temperature equalized throughout the section. 
Had this been done it is obvious from the results given in Figure 36 
that the surface temperature would have increased after quenching 
at a somewhat more rapid rate. It is difficult to estimate the effect 
on the center cooling. It would seem to depend largely upon the 
time required to transfer the section from the quenching bath into 
the furnace. If this were done instantaneously the rate of cooling 
of the center through the transformation range might, due to a 
more rapid rise in surface temperature, be appreciably decreased. 
If 15 seconds were required to complete the transfer, the center, as 
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may be seen from the curves would already have passed through 
the transformation. Had the section been quenched for a shorter 
period of time, for example, 15 seconds, the rate of cooling of the 
center through the transformation range would apparently have been 
appreciably slower, even with air cooling of the section after quench- 
ing, and if the section were reheated after quenching the rate would 
conceivably have been so slow as not to produce appreciable harden- 
ing. This indicates quite definitely that a rather critical relation 
exists between time in quenching bath, time required to transfer 
from quenching bath to a reheating (equalizing) furnace, and resultant 
hardness of the center of the head of the rail. 


(e) QUENCHING IN BOILING WATER 


A somewhat less drastic quench than in cold water would be 
desirable for rails in order to eliminate the excessive temperature 
gradients and the accompanying stresses. Oil might be suitable as 
a quenching medium, but because of the large volume required and 
difficulties of handling as well as cost would probably not be feasible 
for treating a tonnage production such as rails. 

It is a well-known fact that the rate of cooling of a steel object is 
considerably slower in hot water than in cold water. In a recent 
report * it has been shown that water at 60° C. gives a cooling rate 
intermediate between oil and water and might be suitable, but the 
difficulties of maintaining at a prescribed temperature the large 
volume of water that would be required in the production of rails 
would be difficult. In the same report boiling water is not considered 
so desirable a quenching medium as some others. It does give, 
however, an intermediate cooling rate between still air at 20° C. and 
oil at 20° C. and it would be relatively easy to maintain its tempera- 
ture at or very near the boiling point in the mill. 

It was, therefore, believed of sufficient interest to determine the 
center and surface cooling speeds of a rail section when quenched in 
boiling water. Two runs (Nos. 11 and 12) were made in which a 
section similar to that used in the intermediate quenching experiments 
was quenched in boiling water. The results are given in Figure 37. 
The temperature of quenching was about 835° C. ; 

It is evident from the curves that the cooling rate, especially of 
the surface, is very much less than in water at 20° C., but appreciably 
faster than in air. The A, transformations are evident in the surface 
temperature-time curve as well as in the center one. The rate of 
cooling of the latter, however, was relatively so slow that it appeared 
questionable whether any worthwhile increase in hardness would be 
obtained as compared to present practice. A section was, therefore, 
cut from the middie portion of the quenched section, and the hardness 
found to be as given in the following table, in which hardness previous 
to quenching is also given for comparison: 





Hardness 


| Rockwell B posi- | Brinell 3,000 kg 
tion load position 








O M oO M 





Rail H3C as rolled..-- ; 103 | 103 285 285 
Rail H3C quenched in boiling water - - - oui hace 107 107 341 21 














2 French, H. J., and Hamill, T. E., Hot Aqueous Solutions for the Quenching of Steels, Preprint No. 8, 
1 


A. 8. 8. T.; 1929. 
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Apparently some increase in hardness was obtained by reheating 
and quenching in boiling water. Further tests must be made, how- 
ever, before definite conclusions may be drawn. It should also be 
pointed out that reheating and quenching would probably give 
higher values than would be obtained by quenching directly after 


rolling. 


XI. DISCUSSION OF RESULTS WITH SPECIAL REFERENCE 
TO SHATTER CRACKS IN RAIL 











Waring and Hoffammann * have shown the presence of internal 
cracks in both new and failed rails and forgings, and suggested that 
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Figure 37.—Temperature-time curves for rail section (130-pound) during 

quenching in boiling water, run No. 12 











these cracks might be the nucleus from which transverse fissure 
failures in rails develop. The cracks were found to be both inter- 
crystalline and transcrystalline in character and were believed by the 
authors to develop during some stage in the process of fabrication 
of the material. 

Howard in his discussion of their paper states that the cracks prob- 
ably occur when the steel is at a fairly high temperature. He pointed 
out in this and in a later report * that internal strains of tension 
develop in cast, rolled, or forged shapes on cooling; that this tensile 
stress may be along each of its three axes; that the shattering may be 


: % Wertag, F. M., and Hoffammann, K. E., Deep Etching of Rails and Forgings, Proc. A. S. T. M., 19, 
t. II, p. 182, 1919. 

4 Interstate Commerce Commission, Report of the Director of the Bureau of Safety in regard to investiga- 
tion of an accident which occurred on the St. Louis-San Francisco Ry. near Victoria, Miss., on Oct. 27, 
1925. Report dated June 16, 1927. 
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related to the rate of cooling; and that shrinkage cracks represent 
the relief of the strains by reason of the rupture of the metal. 

It has been stated * that the shattered zones found in rails do not 
extend to the ends of the rail indicating that the time of occurrence ig 
after the rail length is cut at the hot saw. 

There is shown in Figure 38 the thermal expansion and contraction 
curves of a steel of rail-steel composition. It may be seen that the 
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Figure 38.—Thermal expansion curve of steel of rail compo- 
sition 


steel contracts on cooling at an approximately uniform rate to 685° C. 
where a marked expansion occurs. With further cooling the steel 
again contracts at an approximately uniform rate until normal tem- 
peratures are reached. This dilation of steel is a well-known phe- 
nomenon. It is associated with the transformation of gamma iron to 
alpha iron. It will occur in all rails of normal composition, the tem- 





% Wickhorst, M. H., The Relation of Shattered Steel in Fissured Rails to the Mill End of the Rail, Proc. 
+e A., 223 oy 1921. Howard J. E., On Shattered Zones in Certain Steel Rails, Proc. A. 8. T. M., 
t. 2, p. 44; 1 
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perature depending principally on the carbon and manganese content 
and the rate of cooling. 

Consider the cooling of a rail after leaving the hot saw. The rail 
is generally given a predetermined camber with the head convex, 
this having a radius of curvature which experience has shown will 
cause the rail to be approximately straight when cold. The rail is 
then placed on the hotbed and starts to cool with its head convex. 
By referring to Figures 30 and 31, it is seen that as a rail section cools 
in air the base cools more rapidly than the head. According to 
Figure 38 the base will, therefore, contract more rapidly than the 
head. This contraction acts to increase the camber originally 
placed in the rail. The contraction is resisted by the rigidity of the 
head and so exerts a tensile stress on the head, at least in its top 
surface, causing a resultant tensile stress to be set up in the base. 
However, because of the low strength and plastic nature of steel at 
temperatures above the A; transformation the stresses developed are 
probably very small. 

According to Figure 30 the base enters the transformation range 
before the head and, according to Figure 38, expansion then occurs. 
This acts to relieve any tension that may be present in the base and, 
consequently, in the head. The transformation on the surface of 
the head occurs somewhat later than on the edge of the base (fig. 30). 
It, therefore, appears probable that the base being of lighter section 
passes completely through the transformation range before marked 
expansion will occur in the head. If this be true, the base will be 
contracting while the head is expanding incident to its cooling through 
the transformation range. The expansion of the head will tend to 
compensate for the contraction of the base, and so tend to prevent 
the developing of internal stresses. However, as soon as the head 
emerges from the transformation range, cooling of the head is rela- 
tively rapid, the head in fact, as is evident in Figures 30 and 31, 
cooling more rapidly than the base. The more rapid rate of cooling 
is accompanied by a more rapid contraction. This relatively high 
rate of contraction is resisted by the slower contracting web and base, 
which must simultaneously develop a tensile stress in the head and 
also acts to decrease the convexity of the rail. The base must then 
be placed in tension also, and consequently the web must be placed 
in compression. The locations of the neutral axes are indeterminate. 
They will depend, among other factors, upon the design of section 
and the relative rates of cooling of the head, web, and base. The 
head and base of the rail are, therefore, left in a state of internal 
tension and some central portion (the web) in compression. The 
exact distribution is not determinable. 

In the preceding discussion no mention has been made of the 
temperature gradient that exists between the outside surface and 
central portion of the head. During cooling the center is always at 
a — temperature, the difference depending upon the rate of 
cooling. 

For convenience, consider the head separately from the web and 
base. As cooling occurs, the outside surface cools more rapidly than 
the inside. A temperature gradient is established. The outside 
will contract thereby tending to induce a compressive stress on the 
central portion of the head and resultant tensile stress on the outer 
fibers. Due to the low strength and high plasticity of steel at tem- 

98046°—30——_9 
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peratures above the transformation range, these stresses will be very 
small. When the outside layers reach the A; transformation, ex- 
pansion oce urs which will relieve any tensile stress that may be present. 
The compression in the underlying metal is therefore relieved and 
possibly the metal placed into tension. As the underlying portions 
reach the transformation temperature, they, in turn, expand relieving 
any stress on them and in turn tend to pass a tensile stress on to the 
more central layers. 

Just as the center emerges from the transformation range, it is 
evident from Figure 30 that its rate of cooling is faster than the rate 
of cooling of the surface. The rate of contraction of a central portion 
of the head is then greater than in the surface layers. A tensile 
stress is therefore developed in the central portion of the head which 
will be additive to any other tensile stresses that may be present at 
the same time. These stresses would be additive to those developed 
by the more rapid cooling of the base relative to the head. 

It is evident from the above discussion that the stress distribution 
in a rail varies during the cooling in a very complex and indeter- 
nfinate manner. The magnitude of the stresses can not be esti- 
mated without data regarding the temperature distribution during 
cooling, the modulus of elasticity of the steel during cooling, its 
yield point, and other properties. Transverse stresses would also be 
present, as suggested previously by Howard. 

Certain facts appear significant, however. It has been shown 
that, as the head of a rail cools through the temperature range just 
below the Ar transformation, tensile stresses are developed in the 
head and base, due to differential cooling. From Figure 30 this 
range begins when the center is at about 670° C. A maximum 
temperature difference between edge of base and center of rail was 
noted for air cooling when the center was at approximately 660° C. 
and the edge of base at 470° C. The base, at the latter temperature 
and below, will have a relatively high resistance to plastic deforma- 
tion, especially as cooling enters the blue-heat range. On the other 
hand, the center of the head, at 660° C., is entering the secondary 
brittle range. The tensile strength, elongation, and reduction of area 
of some rail steels are relatively low in this temperature range. 
(Fig. 3.) The steel is therefore in an unfavorable condition to resist 
the tensile stresses imposed, and rupture may conceivably occur. The 
somewhat higher temperature of the center and, consequently, some- 
what lower strength and ductility during the period that stress is 
developed may account for failure occurring internally, giving rise to 
transverse shatter cracks. The added internal tensile stress incident 
to the temperature gradient between center and surface of the head 
is also probably a contributing cause for internal failure. 

The marked difference in the degree of secondary brittleness in 
different heats, its marked intensity in heat No. 3 (fig. 3) from 
which a new rail was found to contain shatter cracks,” its equally 
marked intensity in rail from heat PO (fig. 11) which failed by trans- 
verse fissure and showed shatter cracks, and its presence in rail from 
heat CN1 (fig. 12), which also showed shatter cracks, all tend to con- 
firm the hypothesis that shatter cracks may be associated with sec- 
ondary brittleness. 





% See Figure 26 of paper cited in footnote 17. 





| Tensile Properties at Elevated Temperatures 589 

That a rail may have a secondary brittleness and not show shatter 
cracks is indicated by rail from heat CN2. (Fig. 12.) This rail was 
subjected to identical service with rail from heat CN1, which failed 
by transverse fissure and contained shatter cracks. The two rails 
were from different heats and so were rolled and cooled at different 
times. Both steels had secondary brittleness and, therefore, probably 
had a propensity to form shatter cracks. The degree of secondary 
brittleness, however, was not very pronounced. The assumption 
seems reasonable that the rail (heat CN1) that developed shatter 
cracks may have been cooled at a relatively faster rate than the one 
from heat CN2 with the development of sufficiently higher stresses 
to cause rupture in the secondary brittle range. This indicates a 
rather critical ‘‘border-line”’ condition in cooling rates when second- 
ary brittleness is present. Obviously, if all rails were cooled suffi- 
ciently slowly to prevent the formation of internal stresses, shatter 
cracks, which admittedly constitute the relief of internal strains, would 
not be formed. It also seems evident that a rail steel having very 
slight secondary brittleness, such as heat No. 21 (fig. 7), should be less 
liable to failure under conditions of relatively rapid cooling than a 
steel having marked secondary brittleness. The tensile strength of 
this steel (heat No. 21) is approximately the same in its secondary 
brittle range as some of the other rail steels, but due to its greater 
ductility in this temperature range considerable flow could occur and 
so relieve without rupturing any stress that might develop during 
cooling. 

It is fully appreciated that the tensile properties of the steel of a 
rail at a given temperature during cooling after rolling may be differ- 
ent from the properties of the same material if allowed to cool and 
then reheated to the given temperature and tested. For temperatures 
above the transformation range the refinement of grain and other 
changes incident to the Ac transformations would very probably 
give different properties. That such a difference may exist at lower 
temperatures is indicated by the tests of specimens from heats 
No. 3 and PO which were annealed at a temperature (700° C.) just 
below the Ac, transformation; this annealing caused a marked de- 
crease in the degree of secondary brittleness. This fact indicates 
that secondary brittleness may be more pronounced during cooling 
than after cooling and reheating to the secondary brittle range. 

In the tests of specimens from medium manganese rails (fig. 15) it 
is evident that this steel shows marked secondary brittleness. It 
is known that steel of this type ” has given excellent service in track 
and is reported to be very free from shatter cracks and failures of 
the transverse-fissure type. This appears to contradict somewhat 
the hypothesis that shatter cracks (nuclei for transverse fissures) 
maybe associated with secondary brittleness, especially as rails 
from these heats have been reported *§ as giving good service in track. 
ilowever, shatter cracks have been reported in intermediate man- 
ganese rail as the cause of horizontal crushed-head failures, and trans- 
verse fissures have also been reported in rail steel of this type.” It 
would be of interest to determine if such rail showed secondary 
brittleness. It is also true that shatter cracks are not necessarily 





* Report of Rail Committee, Bull. Am. Rwy. Eng. Assoc.; March, 1929, 
* Private communication from G. J. Ray; September, 1929. 
* See footnote 27, See data furnished by New York Central R, R, 
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present in a rail showing secondary brittleness; their formation 
depends upon rate of cooling of the rail. 

The fact that secondary PF pea is found in other steels than 
rail steels suggests that other types of unexplained failures, such as 
internal cracks in ingots or forgings, may be due to secondary brittle- 
ness. Hultgren * has shown for a ball and roller bearing steel 
(0.70 C, 1.0 Cr, 1.0 Mn) that internal cracks when present invariably 
formed during cooling after the final hot-working operation and that 
their formation is prevented by retarded cooling. He suggested 
that shatter zones in rails were of similar origin. It is suggested 
that the cause of the development of internal cracks in the steel 
studied by Hultgren might have been due to secondary brittleness 
in the steel. 

The data indicate that equalization of temperature and slow cool- 
ing of rails or other steel objects through the secondary brittle range 
are desirable procedures to prevent formation of internal failure. 


XII. PRELIMINARY STUDIES OF CAUSE OF SECONDARY 
BRITTLENESS 


It has been shown that secondary brittleness may be present in a 
relatively pure iron, rail steels, high-carbon steels, and alloy steels. 
The low ductility has been shown to be related apparently to a grain 
boundary condition of the steel as was indicated by the marked 
intercrystalline shattering found in specimens tested in the secondary 
brittle range. The cause then must be related to one or more of the 
following: Some structural condition, an element, or nonmetallic 
inclusions which may be present in steels of widely varying com- 
position. The influence of free cementite has been suggested. The 
fact that annealing below the Ac, transformation affects the degree 
of secondary brittleness indicates that it may be related to a con- 
stituent capable of solid solubility or precipitation at temperatures 
below the A, transformation. 

Nitrogen analyses *' have shown no relation of nitrogen content to 
degree of secondary brittleness. A few residue analyses *! have been 
made and show no relation of degree of secondary brittleness to total 
Al,O;, or SiO, content. Secondary brittleness has been found in 
rail steels killed with aluminum and also in rail steels in which alumi- 
num was not used. Due to difficulties in analytical methods for the 
determination of MnO or manganous silicate inclusions an indicated 
relation to MnO content can not yet be considered significant. 
Space is not available to report in detail on this phase of the problem 
at the present time. It may be stated that detailed studies along 
the lines suggested are being carried out. 


XIII. SUMMARY AND CONCLUSIONS 


A study has been made of the tensile properties of rail steels and 
some other steels at elevated temperatures. Special study was made 
of the tensile properties in the approximate temperature range of 
400° to 700° C. It has been found that the ductility of all rail steels, 





*® Hultgren, Arel. Flakes or Hair Cracks in Chromium Steels with a Discussion of Shattered Zones and 
Transverse Fissures in Rails, J. Iron and Steel Inst., 111, No. 1, p. 113, 1925. 
} By J. S, Acken, Bureau of Standards. 
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as measured by percentage elongation and reduction of area, decreases 
with increase in temperature over a portion of this temperature 
range. In some instances the decrease in ductility is very marked, 
the elongation and reduction of area values becoming less between 
approximately 500° to 650° C. than at normal atmospheric tempera- 
tures. The same phenomena have been found to exist in Armco 
iron, a 1 per cent carbon steel, and some alloy steels. This range of 
temperature in which low ductility becomes manifest has been 
termed the ‘‘secondary brittle” range to distinguish it from the well- 
known ‘‘blue brittle” range occurring at 200° to 300° C. and the 
‘“hot-short”’? range which is usually associated with the A; trans- 
formation and high sulphur content. The phenomenon has been 
termed ‘‘secondary brittleness.” 

The degree of secondary brittleness varies markedly between 
individual heats and the temperature of the maximum effect also 
varies. 

The data indicate that the secondary brittleness is not confined to 
individual rails or ingots, but is apparently a property of the heat as 
a whole. It has been shown that the degree of secondary brittleness 
is decreased by annealing at a temperature (700° C.) shghtly below 
the Ac, transformation as well as at the usual annealing temperatures 
above the Ac, transformation. 

The cause of secondary brittleness has not been determined. 
Residue analyses and analyses for nitrogen content indicate that the 
phenomenon is not related to silica, alumina, or nitrogen contents. 
Some evidence has been obtained which indicates it may be related 
to the MnO content or free carbides. 

Data are also given in the report on the rate of cooling and temper- 
ature distribution in a 130-pound P. S. section rail during cooling 
in still air, moving air, and during quenching in cold and hot water. 

An hypothesis as to the formation of shatter cracks in rails, based 
on the phenomenon of secondary brittleness and temperature distri- 
bution during cooling, is presented. Rapid cooling through the 
secondary brittle range is believed to cause the formation of shatter 
cracks in rails showing secondary brittleness. Shatter cracks are 
believed by many to be the nucleus of transverse fissures. It is 
therefore suggested that the origin of transverse fissures is related to 
secondary brittleness and rate of cooling of the rail. 

The fact that secondary brittleness is found in other steels than 
rail steels suggests that other types of unexplained failures, such as 
internal cracks in ingots or forgings, may be due to secondary 
brittleness. 

The data indicate that equalization of temperature and slow cooling 
of rails and other steel shapes through their secondary brittle range 
are desirable procedures to follow in order to prevent formation of 
shatter cracks. 


WasHINGTON, October 19, 1929. 
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A CONVENIENT FORM OF GEIGER TUBE COUNTER 
By L. F. Curtiss 


ABSTRACT 


A design of the new Geiger tube counter for detection of gamma radiation or 
penetrating beta radiation is described which is portable and will maintain its 
operating characteristics constant over a long period of time. 


When used for the detection of gamma radiation, or high velocity 
beta radiation, the new Geiger ' tube counter may readily be put in 
a form that is portable and independent of pumps. This note 
describes a design which the writer has found very satisfactory. 

Figure 1 shows a longitudinal cross section of a completed counter. 
It consists of a metal tube 7’ fitted with hard rubber bushings £; and 
E,. Brass bushings in the center of these hard rubber bushings 
support the small brass rods attached to the two ends of the wire W. 
The wire W is stretched taut and held by clamping the longer rod 


Pp 


£, T 


Fiaure 1.—Sealed Geiger tube counter inclosed in glass 


attached to it by means of the screw shown threaded into the brass 
bushing. The opposite end of this clamped rod has a brass button B 
threaded on to it, carrying a lump of solder as indicated. The parts 
already described, when fitted together, form the counting chamber 
proper. On the outside of the tube 7’ is a metal ring R which acts 
as a stop for the rim of the metal cup C which supports one end of 
the counter, being fitted to it so that the tube 7 slides snugly into it. 
The tungsten wire W; is hard soldered into the center of the end of 
the cup C. In assembling the completed counter the pyrex contain- 
ing tube P is prepared by sealing in the tungsten wire W, carrying a 
spiral steel spring S on its inner end. The counter is pushed into 
the tube until the pointed end of the spring is firmly pressed against 
the solder button. ‘The pyrex tube is then drawn down at the open 
end and sealed around the wire W2, a side tube not shown having 
been previously sealed on for evacuation. The pyrex tube is evac- 
uated to a pressure of from 1 to 5 cm and sealed off and is ready for 
use. 

It is advisable to include a capsule of a drying agent such as P20; 
unless the interior parts can be thoroughly dried before sealing. 
Water vapor apparently has a harmful effect on the counter and may 
even render it totally ineffective. 


Wasuineton, November 30, 1929. 





1 Geiger, H., and Miiller, W., Phys. Z. S., 29, 839; 1928. 
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PROBABILITY FLUCTUATIONS IN THE RATE OF 
EMISSION OF a PARTICLES 


By L. F. Curtiss 


ABSTRACT 


The deviation from a simple probability distribution of the rate of emission 
of a particles from polonium has been investigated as a preliminary step to the 
investigation of the relation of the phenomenon of aggregate recoil to this anom- 
alous behavior of polonium sources. This work shows that a freshly prepared 
source exhibits a subnormal dispersion which after about 35 days has become nor- 
mal as tested by the divergence coefficient Q?. This isin agreement of observa- 
tions by Kutzner (Zs, fur Phys., 21, p. 281; 1924). 


CONTENTS 


I. Introduction 
II. Experimental method and results_ _---_- 
III. Discussion 


I, INTRODUCTION 


The fluctuation in the rate of emission of @ particles from radio- 
active sources has frequently been investigated since it was first stud- 
ied theoretically by v. Schweidler! early in the development of the 
subject of radioactivity. The general results of these investigations 
have been to confirm that, within limits of error of observation, this 
fluctuation in the rate of emission of a particles is exactly that to be 
expected on the basis of simpie probability. The distribution in 
time is a purely random distribution. More recently, however, 
Kutzner ? has performed experiments bearing on this question. He 
used improved electrical methods of counting and registration. These 
eliminated uncertainties present in earlier studies as a result of visual 
counting and recording by hand as is necessary in the scintillation 
method. To test his results he employed the divergence coeflicient 
(” of Lexis which in this case is defined by 


Dz? 
v= : yy —m 


where 1, is the number of equal intervals with z a particles, m is the 
average number per interval, and Z is the total number of a@ particles 
observed. For a purely chance distribution Q?=1. If it is greater 
than unity a supernormal dispersion exists and if it is less, the 
dispersion is subnormal. Kutzner found, in general, a subnormal 
dispersion and assigned this deviation from a simple probability dis- 
tribution to an interaction between disintegrating atoms. He ob- 








1 E. V. Schweidler, Congrés Internationale de Radiologie, Liege; 1905. 
*W. Kutzner, Zs. f. Phys., 21, 281; 1924. 
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served that this deviation was greatest in freshly prepared sources, 
As the source became older the divergence coefficient approached 
unity. 

The present work was undertaken to study this deviation from , 
probability distribution. This paper gives a summary of a series o| 
observations with a polonium source which were made as a preliminan 
step to the main investigation. Somewhat different methods oi 
recording were used from those employed by Kutzner and each set o; 
observations extended over six or seven hours instead of about one 
hour as in his case. 


Il. EXPERIMENTAL METHOD AND RESULTS 


A diagram of the arrangement of the counting chamber and th 
polonium source is shown in Figure 1. The counting chamber (, 
supported on a bakelite base, A, had an opening 3 mm in diameter in 
the front end covered by a mica window, M, of about 1 cm stopping 
power. The source, S, polonium deposited on the polished end of » 
bismuth rod, was supported inside the end of the glass tube, 2, 
directly opposite the window, M, and about 2 cm from it. To limit 
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Figure 1.—Arrangement of point counter and polonium source 


the size of the a particle beam a brass bushing, B, was slipped over 
the end of the glass tube, R, asshown. The face of this bushing was 
5 mm thick and had a hole 2 mm in diameter in the center. This hole 
also was directly opposite the mica window, M. 

An important feature of the counting chamber is the drying bulb 
shown at D in Figure 1. The chamber was hermetically sealed at 
all joints so that no gases or vapors could enter. Thus, the drying 
bulb made it certain that at all times the chamber was filled with dry 
air. It was found with this arrangement that a point once prepared 
would work almost indefinitely at the same voltage applied to the 
counting chamber. All observations were taken with a single point 
prepared some weeks before the experiments were started. It appears 
that the difficulties in maintaining points in a satisfactory condition 
experienced by those who have worked with this type of counter 
arise chiefly from the effects of gases and vapors from the room which 
have a deleterious effect on the action of the point. 

The point of the counting chamber was connected to a vacuum tube 
amplifier, described elsewhere. By this arrangement the pen of a 
specially constructed chronograph could be actuated each time the 
counter responded to the entrance of an a particle. The chronograph 
used a continuously moving paper ribbon and was driven by an electric 
motor. A second pen worked close beside the first, marking every six 





‘+L, F. Curtiss, Phys. Rev., 31, p. 1060; 1928. 
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seconds and driven from a standard clock circuit. This made the 
determination of the number of a particles per interval relatively 
easy. 

The source was adjusted to give a count of about 60 particles per 
minute. At this speed of counting the effect of close doubles was 
almost eliminated for the resolving power of apparatus used. Each 
set of observations contained between 20,000 and 30,000 a@ particles 
and required about six or seven hours. Within this time the decay of 
the polonium source was so slight that it could be neglected. 

Observations were made on 18 days in an interval of time extending 
over 42 days. An example of the results obtained and the method 
of computation of Q? is given in Table 1. 


TABLE 1 





| | | 
. * | Us 
| (Obs.) | 74 | 77 | (Cal) 


| 





| 2 | 3 4 5 


288} 3,456 
286} 3,718 
84{ 1,176] 


| none 
675 | 


45 | 


0 

59 59 
354 708 
933 2, 799 

1, 968 7, 872 
2, 640 13, 200 
3,606 | 21,636 
3,269 | 22, 883 
2,648 | 21, 184 
1, 980 17, 820 
1, 210 12, 100 
935 10, 285 


3,455 | 20,305 | 139, 571 | 


139,571 20,305 


~ 20,305 3,455 





=0.997 





meron amwwomarconr | 














Incolumn 1 is given z, the number of a particles per uniform interval 
of time. In the example here given z ranged from 0 to 15. Column 
2 gives Z,, the number of intervals having z a particles. Column 3 
gives x l,, the total number of a@ particles in intervals having z 
a particles each. Thus 2x l,=L, the total number of a particles 
counted. Column 4 gives z?/, used in computing Q®. In column 5 
is given the values of J, as calculated by Bateman’s* formula, 

m*e—™ . 
L,=s - r where s=/, or the total number of intervals. 


In Table 2, the results of 18 sets of observations are given. The 
first column gives the date on which the observations were made. The 
second column gives the total elapsed time in days since the prepara- 
tion of the source. Column 3 gives the value of m for each set of 
observations and the last column contains the corresponding Q’. 
These data are shown graphically in Figure 2, where the values of Q 
are plotted against time starting from the preparation of the source. 
The solid line is drawn in roughly to show the general trend of the 
se of Q, while the dotted line represents the theoretical value of 

a=], 





‘H. Bateman, Phil. Mag., 20, p. 698; 1910. 
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FicuRE 2.—Graphical representation of change of Q? 
with age of polonium source 


III. DISCUSSION 


These observations are in full agreement with the results obtained 
by Kutzner under somewhat different conditions. The initial value 
of Q for a freshly prepared source is decidedly below unity and grad- 
ually approaches this theoretical value, which in this case was reached 
roughly after about 35 days. Kutzner reports even lower values of 
@ which probably arises from the fact that he used stronger prepara- 
tions of polonium. 

Lawson® has called attention to the phenomenon of aggregate 
recoil and expressed the opinion that the anomalous behavior of the 
a radiation can be explained as follows: The active material on a 
metal surface is arranged in separate groups of molecular aggregates. 
When an a@ particle is emitted from an atom of one of these agere- 
gates in toward the metal the recoil may detach many other atoms 








5 R. W. Lawson, Nature, 114, p. 121; 1924. 
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besides the disintegrating atom. Since some of these will be polo- 
nium atoms which have not yet disintegrated, this will increase the 
rate of decay of the preparation. It will also disturb the probability 
distribution in just the way that the experiments have shown, and 
would account for the gradual improvement in the value of Q’, 
for there would be less likelihood of aggregate recoil in an older prep- 
aration. All easily detached aggregates would then have been torn 
off. As Lawson points out, thisis a much simpler explanation and does 
not involve the radical assumption of atomic disintegration of a heavy 
atom my a particle of such low energy as that possessed by polonium 
a particles. 

noua information is not yet available to prove that this distortion 
of the probability curve is the result of aggregate recoil. Further 
experiments under conditions where this phase of the behavior of a 
preparation can be carefully controlled seem desirable to make certain 
| that this simple explanation is the correct one. 

The writer is pleased to acknowledge the help of L. L. Stockmann 
and H. L. Martin in making the records of a particles. He is also 
indebted to Miss C. L. Torrey for considerable help in counting the 
records and making the necessary computations. 


WasHINGTON, October 15, 1929. 
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